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PREFACE AND ACKNOWLEDGEMENTS

The Second International Microgra'fity Combustion Workshop, held in Cleveland, Ohio on September 15-17,

1992, was attended by about 160 people, mostly university professors and graduate students, from fourteen

counlries. The purpose of the workshop was twofold: first, to exchange information with fire safcty and

combustion researchers and managers about the progress and promise of combustion research in

microgravity, specifically in ground-based facilities like the NASA Lewis drop towers and the NASA

JSC/KC-135 as well as space-based facilities like the Shuttle and the planned Space Station Freedom.

Second, the workshop was a forum for an open discussion of areas into which microgravity combustion

science investigations could expand profitably, and which should be included in any upcoming NASA

Research Announcement (NRA).

Independent assessments by leading combustion researchers stated that combustion science in a microgravity

environment now has a proven record of accomplishment and surprising discoveries; in the coming decades

it will continue to offer a unique opportunity and challenge for gcncrating new fundamental understanding of

widespread intcrest to pcople concerned with novel combustion processes here on Earth and in space.

Recommendations for new or cxpanded cmphasis in an NRA. included combustion synthesis of high-value

materials in space, metals combustion studies in microgravity, and soot-generation mechanisms.

Forty papers were presented, including the first-look by the peer community at the results of the USML-1

(STS-50) mission, which flew four successful combustion experiments. All papers are included in these

proceedings (along with one paper which was not presented at the authors' request). Also in these

proceedings are all of the audience's written questions or comments and the authors' replies, included at the

end of the rclevant paper. When no questions or comments appear, it is not because none was offered at

the workshop; instead either the question/comment forms were mistakenly not passed out to the questioner,

or the questioner chose not to submit it for response, author reply, and publication. A closing plenary
meeting was held, at which oral summaries of the contents of parallel technical sessions were provided by the

session chairmen; a brief synopsis of their summaries is also included in these proceedings.

A number of the papers included color plates, and because the color in microgravity combustion is often
critical to visualization of the process, these are included. Production requirements make it necessary to

group these color plates at the end of the proceedings; all figures in the main body arc black and white.

Sincere appreciation is offered to all who participated in this highly successful workshop, especially to the

microgravity combustion "discipline working group" who served as the steering committee for the workshop

(see attached list), Col. Carl Mcade of the STS-50 astronaut crew for sharing in a keynote dinner speech his

experiences on two shuttle missions, the members of the Microgravity Combustion Branch at NASA Lewis

and of NASA Headquarters' Microgravity Science and Applications Division for serving as session chairman

and facilitators, and finally to the conference organizer's support team (see attached list).

Dr. th)ward D. Ross, Workshop Organizer
Mail Stop 5(]0-217
NASA Lewis Research Center

210110 Brookpark Road

Cleveland, O!t 44135

Phone (216) 433-2562 -- FAX (216) 433-8660
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THE WORLD OF NASA MICROGRAVITY SCIENCE

Robert C. Rhome, P.E."
NationalAeronauticsand Space Administration

Washington, D.C. 20546

N9 '-,90179

Introduction

It has beensaid the the decade of the 1990's represents a second golden age of

science. We are in the midst of one of the most exciting and interesting

periods in the history of exploration - - a period which holds the potential for

expanding our understanding of scientific phenomena ranging from intricacies

of the universe to the subtleties of our own planet. The opportunities to

study the effects of microgravity in space seem limitless during the next

decade. Using the European Space Agency (ESA) built Spacelab, we will

maximize opportunities for development of new microgravity facilities in

order to obtain new information and increase our understanding of the effects

of gravitational forces on phenomena in biological, chemical and physical

systems. NASA intends to move aggressively, but sensibly, to develop

additional space research facilities as we build toward the unique Space

Station Freedom resources becoming available towards the end of this decade.

In the Space Studies Board's 1992 report, Toward a Microgravity Research

Strategy, the Committee on Microgravity Research recommended that a long

term research strategy be developed for microgravity sciences. The report
defined the the overall goals of the field and summarized the current

knowledge of its subdisciplines. In addition, the Committee concluded that

this strategy should identify the fundamental questions that need to be

addressed and the scientific community's ability to address them. For those of

us involved in developing and supporting a growing microgravity science

research program, this was yet another indicator that the field of low gravity

research is beginning to prove its merit.

* Director, Microgravity Science and Applications Division
Office of Space Science and Applications
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NA$A's Microgravity Science Resear(;:h Proaram

NASA funds a robust microgravity research program in a wide variety of

microgravity related disciplines. Each research task is designed to yield a

,: _better understanding of phenomena within the areas of biotechnology,
-_ -combustion, fluid dynamics and transport phenomena, and materials sciences.

The knowledge gained from research in one field often has impacts in another.

Investigations sponsored as part of the microgravity science program share

one characteristic; they required reduced or very low gravity conditions in

order to achieve their objectives.

The overall Microgravity Research Program is conducted through in.tegrated •

ground-based and flight programs. The primary functions of the ground-based

research program is to develop concepts that lead to flight experiments - - to

determine limitations of various terrestrial processing techniques - - and to

provide analysis and modeling support to the flight program. Although we

support research than can be completed in the ground-based program, a

successful ground'based research program is generally the first step in the

process towards flight experimentation. At the start of 1992, the

Microgravity Science and Applications Division was supporting a total of 115

microgravity research Principal Investigators; 73 in the ground-based program

and 42 in the flight program.

Ground-based Research :::: _

The ground-base research program has continued to perform the essential

functions of providing theoretical and experimental background to support

current flight experiments, and to nurture ideas and efforts that may later
form the basis of future flight experiments. The program iias usec/severai

types of unique facilities providing varying durations Of reduced gi'aVity _:

environments such as drop tubes, drop towers, and aircraft. The most active of

these ground facilities include two drop towers here at_eWis Research

Center, wherein the sample and equipment can be protected from the drop

environment and provide a low gravity en_ronment f_or2_ seconds, arid a drop

tube at Marshall Space Flight Center. Aircraft in parabolic flight trajectories _'_'

can provide reduced gravity durations of up to nearly 30 seconds; a KC-135

aircraft at the Johnson Space Center and a Learjet Model 25 here at the Lewis

Research Center are available, in addition to the test facilities, the

Microgravity Materials Science Laboratory here at Lewis Research Center

provides an extensive computational and modeling capability.

4
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In a continuing effort to expand the microgravity research community, we have

supported several ground-based efforts in the academic community. The

Graduate Student Researchers Program is one means where students, under the

guidance of a faculty sponsor, can perform microgravity research using

ground-based low gravity facilities. Secondly, government, industry, and

university cooperation is encouraged through an active post-doctoral and

Visiting Senior Scientist program. Recent Ph.D 's, tenured professors, and

nationally known experts can spend one to two years conducting research at a

NASA center or can participate in science planning and management at NASA

Headquarters.

In addition, we disseminate results from both the ground-based and

flight-based research programs to the scientific community-at-large through

participation in conferences, forums, and workshops. These include such

meetings as Gordon Research conferences, American Institute of Aeronautics

and Astronautics science meetings, Committee on Space Research (COSPAR)

conferences, International Astronautical Federation conferences, European

Symposia on Materials and Fluid Sciences in Microgravity, and at workshops

such as this Second International Workshop on Combustion Science in

Microgravity. In this way we are expanding our base throughout the

low-gravity research community.

The Flight Program: Research-in-Soace

As our experience becomes more fine-tuned and as we more effectively use

gravity as an exoerimental parameter, we will be able to realize the potential

offered by this new age of low-gravity research. The sheer number of space

science missions related to microgravity sciences in the years between 1991

and 1993 is dramatic. More microgravity research will have been conducted

within these years than has been conducted over the preceding decade.

Significant effort is spent in preparation for a number of upcoming Space

Shuttle missions. Multi-user and experiment-unique apparatus will be flown

abroad the Shuttle periodically over the next six years in various payload

configurations. The European developed Spacelab module is an important tool

in supporting low gravity research. This year the International Microgravity

Laboratory (IML), the United States Microgravity Laboratory (USML), and the

Japanese/U.S. collaborative Spacelab-J mission utilized the pressurized

Spacelab module. The U.S. Microgravity Payload (USMP), an unpressurized

system in the Shuttle payload bay is to be first flown in October 1992. These

Spacelab missions form a foundation for future microgravity research on

space Station Freedom. This research will continue as Shuttle and



4
,In

il

|

z

Spacelab flights are projected into 1998 as our basic research vehicle prior

to access to Space Station. Another payload configuration is the commercial

middeck accommodations module, Spaceb.ab, scheduled to begin a series of

flights in 1993.

Most of the recently launched and upcoming microgravity missions have an

international component, fostering cooperation and an exchange of knowledge

benefiting the entire science community. When combined with other

international cooperative flight programs, such as the European Retrievable

Carrier (EURECA) series, the German Spacelab-D2, the Japanese/U.S.

collaborative Spacelab-J mission, and the European Space Agency (ESA)

proposed Spacelab-E1 and Spacelab-E2 missions, there should be frequent and

routine access to space and its research opportunities during the remainder of

the decade.

Suooorting Research & Technology

Flight experience has demonstrated that an early investment in technology

specific to the microgravity program is essential. In order to achieve thisl

NASA funds research activities that seek to create or refine equiPment that

would enhance the scientific quality of future microgravity flight

experiments. Technology development not specifically on the critical path of

any particular flight project is funded through the Advanced Technology

Development (ATD) program. The supporting technology development includes

fundamental research that supports the goalsand objectives of the overall

microgravity science program. An example of this activity iS the development

of systems to characterize the reduced-gravity environment of space

experiments.

,Sp_ce Station Freedom Utilization

Beginning as early as 1997, the Space Station will offer the environment,

power, and duration necessary to pursue a wide range of scientific research.

Extending on-orbit research time from the seconds and minutes of sounding

rockets to the hours and days of the Shuttle and Spacelab program was a key

element in the growth in research in which gravity is the experimental

parameter. The Space Station extends the opportunity several orders of

magnitude. Definition of several multi-user microgravity facilities for

potential use on the Space Station began during the 1990-t991 time period._

Hardware requirements necessary to support thesefacilities continue to be

identified in order to influence Space Station design. The precursorpayloa-ds
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flown on Shuttle missions and the research conducted provide experience for
the operations and development of instrumentation and subsystems for use on
the Space Station.

Space Station Freedom will provide a stable platform on which highly
productive and flexible microgravity science experiment modules can be based.
A key long term program goal is the development of several multi-user
facilities specifically designed for long duration scientific research missions.
We are studying several facility concepts to support the microgravity science
research we expect will be conducted aboard the Space Station during the
period 1997 and 2004. Some of this early hardware could be of Spacelab
heritage - - consistent with our "go as you learn" strategy.

The Modular Combustion Facility, probably of most interest to this Workshop,
could support a wide range of science experiments dealing with the study of
combustion and its by-products. The facility is currently planned for flight
aboard the Space Station as early as 1998. Advanced combustion experiment
hardware is presently being defined for Spacelab missions in the mid 1990's
as precursors to the Modular Combustion Facility experiments. It is likely that
recommendations from this workshop will influence the research
announcement leading to the selection of many of the early Space Station
Freedom combustion Principal Investigators.

The Future for Microaravity Science Research

Microgravity Research within the United States has an optimistic future. The

President proposed a budget for Fiscal Year 1993 that represented a doubling

of the funding for microgravity research over three years.

We have established four science Discipline Working Groups in the areas of

Biotechnology, Combustion, Fluids and Transport Phenomena, and Materials

Science. These groups are responsible for maintaining an overview of the

efforts in the discipline areas and for providing an annual assessment of the

program. They are to recommend refinements and science priorities within

the discipline, and to identify the programs, strengths and weaknesses, as

well as the most promising areas for investigation and the most advantageous

approaches for experimentation.

We are using a series of NASA Research Announcements (NRA's), all open to the

international science community, to select principal investigators for

ground-based research, for flight experiment definition, and for space-based
research. The NRA for combustion science issued in 1989 to solicit

"7
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ground-based and flight experiments produced 65 proposals, the NRA for Fluids

and Materials Science Containerless Processing released in 1990 produced 69

proposals. Four NRA's were released in 1991 -- the fluid dynamics and

transport phenomena NRA produced 205 proposals; the biotechnology NRA

produced 94 proposals; the materials science NRA produced 141 proposals; and

the NRA for fundamental science produced 51 proposals -- or a total of 491

proposals from NRA's released in 1991. In August 1992 we selected 122

Principal Investigators from these four NRA's - - a selection rate

approximating 2,5%. This raises the number of Principal Investigators in the

microgravity science program from 115 in 1992 to over 190 in 1993.

We are looking toward a 3-fold increase in funded Principal Investigators

prior to Space Station Freedom Permanently Manned Capability in 1999. We

plan to release research announcements in the coming years in order to

continue to obtain high quality scientific investigations. Workshops such as
this one will contribute to the content definition of future research

announcements.

Conclusions

The research in space we applaud in 1992 and 1993 is based upon plans laid in

the mid to late 1980's. It has taken several years to develop and define a

successful research plan. The present series of microgravity research

missions is based upon work that was started almost a decade ago, and has

evolved through successful international cooperation, planning and

establishment of clearly defined research goals.

These are exciting times for those of us involved in microgravity research --

and we have only begun to define the work that needs to be done. So at the

onset of this Second International Workshop on Combustion Science in

Microgravity -- let us agree to start the cycle again, to plan for the research

opportunities in the years ahead, using the Spacelab, free-flyers and, of course

Space Station Freedom. Clearly, securing the promise of successful

microgravity research for the late 1990's, both in the laboratory and in space,

demands a science dialogue such as that supported by workshops like this one.

I wish you well in your endeavors this week.

8



OVERVIEW OF NASA'S MICROGRAVITY COMBUSTION SCIENCE AND

FIRE SAFETY PROGRAM

Howard D. Ross
NASA Lewis Research Center

Cleveland, Ohio 44135

N93-20180

The study of fundamental combustion processes in a microgravity environment is a relatively new scientific
endeavor. A few simple, precursor experiments were conducted in the early 1970's. Today the advent of
the U.S. space shuttle and the anticipation of the Space Station Freedom provide for scientists and
engineers a special opportunity -- in the form of long duration microgravity laboratories -- and need -- in
the form of spacecraft fire safety and a variety of terrestrial applications -- to pursue fresh insight into the
basic physics of combustion. Through microgravity, a new range of experiments can be performed since:

* Buoyancy-induced flows are nearly eliminated. Due to the hot, less dense reaction products
of combustion, buoyancy-induced flows tend to develop in normal gravity experiments, promoting
self-turbulization and instabilities. Microgravity reduces these flows and their attendant
complications, thus, furthering understanding of low-gravity behavior and, by direct comparison,
related normal-gravity combustion processes.
* Normally obscured forces and flows may be Isolated. Buoyancy frequently obscures
weaker forces, such as electrostatic, thermocapillary, radiative and diffusional forces, which may
be important near flammability limits. Further, the effect of low velocity forced flows can not
normally be studied due to the onset of mixed convection. By removing buoyancy, the roles of
these forces and flows may be observed, and compared to theory.
• Gravitational settling or sedimentation Is nearly eliminated. Unconstrained suspensions of
fuel droplets or particles may be created and sustained in a quiescent environment, eliminating the
need for mechanical supports, levitators, or stirring devices and enabling a high degree of
symmetry and/or quiescence to be achieved.
* Larger time or length scales in experiments become permissible. To limit buoyancy effects
in normal gravity experiments, the size or duration of tests is often constrained. Microgravity
permits larger scale experiments which in turn allow more detailed diagnostic probing and
observation. Microgravity also enables new tests of similitude through experiment.

Combustion experiments have now been completed in drop towers and aircraft and have llown successfully
on the Shuttle. As will be discussed in various papers at this workshop, unexpected and unexplained
phenomena have been observed -- with surprising frequency -- in microgravity combustion experiments,
raising questions about the degree of accuracy and completeness of our textbook understanding and our
ability to estimate spacecraft fire hazards.

The interest in microgravity combustion science is not strictly academic. There have been four internal
"fire" incidents in the U.S. Shuttle program, involving overheating or smoldering of wire insulation and
electrical components from localized loss of cooling air or electrical short circuits. In each case, the crew
observed the evolution of particles and odors; the potential fire was immediately suppressed by switchin
g off the appropriate circuits, without resortingto the discharge of fire extinguishers. A severe Incident was
reported for the Soviet Salyut 7, requiring both the discharge of an extinguisher and venting of the unin-
habited cabin atmosphere to the vacuum ,,f space. The atmosphere of the space station was later
replenished by stores from a supply flight. This experience has demonstrated that present spacecraft fire
protection can respond to a variety of in-flight incidents. Nevertheless, there is growing appreciation for

This paper is excerpted in part from NASA TM105410 entitled "Microgravity CombustionScience: Progress,
Plans, andOpportunities" which was authored by members of the Microgravity Combustion Branch, Space Experiments
Division, NASA Lewis Research Center. I have expanded it with several personal opinions and assessments.
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the need for fundamental research and technology development with the longer-term objective of
investigating and improving spacecraft fire-safety practices. A more complete understanding of combustion
phenomena and flame characteristics contributes to the improvement of material acceptance standards,
fire detection, extinguishment, and postlire rehabilitation in space. Moreover, low-gravity combustion
research is necessary in assessing the effects of certain hazards that may be unique to or aggravated in
space -- smoldering or aerosol fires, for example.

Low-gravity combustion experiments may also yield methods to produce exotic materials such as fullerenes
or highly ordered ceramic - metal composites. In thi_s author's opinion, the costs of producing such
materials in a space environment will probably prohibit their widespread manufacture in space; however,
the results from space-based experiments could lead to needed understanding to produce these or related
materials more readily or cheaply on Earth. Similarly fundamental experiments in heterogeneous
combustion systems such as particle or aerosol clouds support improved understanding of Earth-based fire
environments (e.g. grain bins, mine safety, spray combustion processes). One recent idea this author has
heard involves using the long soot residence times available in microgravity to study agglomeration
phenomena to be used to understand atmospheric contamination by particles from large-scale fires such
as those which oc_rred recently in the oil fields in the Persian Gulf.

MICROGRAVITY LABORATORIES AND FACILITIES

There are several test facilities which provide a free tall or semi-free fall condition where the force of gravity
is offset by linear acceleration, thus enabling a reduced gravity environment available for _ientific studies.
Each of the facilities has different capabilities and characteristics that must be considered by an investigator
when selecting the one best suited to a particular series of experiments. Perhaps the most unique and
challenging feature for researchers working in these facirrties is the facility constraints. The researcher must
place new emphasis on experimental requirements for power, volume, operating time, and weight.
Operation is remote, being automated in the drop towers or through astronauts on the shuttle. Delicate
hardware must be considered for shock isolation in the drop towers although items such as mirrors and
incandescent lights regularly survive landing. Compatibility with vacuum environments may be needed as
well. Balanced against these difficulties or constraints is the unique opportunity for scientific discovery,
already verified in combustion experiments in microgravity: thought-provoking and surprising observations
are the norm for nearly every experiment we have conducted.

To date, the majority of combustion studies have taken place in the NASA Lewis Research Center's (LeRC)
two drop towers and Model 25 Learjet. The 2.2 Second Drop Tower, as the name implies, provides 2.2
seconds of low gravity test time for experiment packages with up to 150 kilograms of hardware mass. To
lower residual acceleration, the experiment freelyfal/s inside in an air drag shield. The facility offers both
low cost and rapid turnaround time between experiments. It is often used for proof-of-concept or precursor
experimentation; most microgravity combustion experimental investigations start here. The 5.18 second
Zero-Gravity Facility with its 132 meter free fall distance in an evacuated drop chamber (again to lower
residual accelerations) allows experiments of up to 450 kilograms in mass mounted in a one meter
diameter drop bus. This facility probably provides the lowest available accelerations available today.

Specially modified jet aircraft flying parabolic trajectories can provide significant increases in low-gravity
experiment time when compared to drop towers but not without the penalty of higher gravity levels. For
an experiment fixed to the body of an aircraft, accelerations in the range of 10.2 g can be obtained }or up
to 20 seconds. During one flight several trajectories are possibl e . While aircraft may not offer true
microgravity, they offer the significant advantages of permitting researchers to monitor their experiments
in real-time, recontigure them between trajectories and utilize delicate instrumentation precluded in drop
tower tests because of severe shock Ioadings at the end of the drop. NASA's larger KC-135 aircraft at the
Johnson Space Center also permits free-floated experiments achieving acceleration levels in the range of
10 _ g for 5 to 8 sec__nds. Up to 40 trajectories can be performed in a single flight.
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Althoughthey have not yet been used by the U.S. microgravity combustion program, sounding rockets can
provide a reduced gravity environment of 10.4 g for about 300 seconds. Their use is presently being
considered for experiments in flame spread over liquid pools and thick solids; the hardware is being built
with plans for future users to fly the same or similar hardware for other combustion experiments.

Truly long duration microgravity combustion experiments require space-based laboratories such as the U.S.
space shuttle or Space Station Freedom. Qualification of materials and assurance of safety for combustion
experiments imposes an all-new set of concerns to the new researcher, although here NASA engineers
who are experienced with the voluminous handbooks and requirements provide a great deal of help. The
shuttle flight duration for science missions is 7 to 13 days; our experience with combustion experiments
is they required as little as 0.5 crew-hours or, for the set of experiments on USML-1 (STS-50), up to 20
crew-hours (this is not a hard limit). Power, volume, and weight allowances depend on where an
expenment is mounted in the shuttle (e.g. mid-deck locker, glovebox, cargo bay) and the type of mission
(e.g. Spacelab). Substantial astronaut involvement is not only possible but encouraged for mid-deck or
Spacelab experiments. While the crew is not necessarily expert in combustion, they are quite
knowledgable on the unique features of microgravity and have improved, in real-time, the scientific yield
from several experiments due to this knowledge.

The most common complaint of microgravity researchers is the long hardware development time and the
difficulty in gaining frequent access to a space environment. In the future, Space Station Freedom will
provide more opportunity as well as the highest quality, longest duration reduced gravity laboratory. Within
its instrument racks will be dedicated space, electrical power, and advanced diagnostic instrumentation for
microgravity combustion experiments. Multi-user experiments will be conducted in experiment "modules"
by scientific specialists. Principal investigators on Earth will have the capability of monitoring and modifying
in real-time the performance of their experiments. Thls future facility, along with the means by which
investigators' experiments will be selected for flight, are discussed elsewhere in this workshop.

MICROGRAVITY COMBUSTION EXPERIMENTS AND SPACECRAFT
FIRE SAFETY

In this workshop, the currently supported microgravity combustion studies are reviewed; they are listed in
Table 1, noting that this list does not include completed or nearly completed microgravity combustion
studies such as those experiments which have flown on the Shuttle (Solid Surface Combustion Experiment;
Smoldering Combustion in Microgravity; Wire Insulation Flammability; and Candle Flames in Microgravity).
Also shown in the table are the current facilities for the currently supported experiments; the NASA HQ-
selected candidates for space-based testing are listed with their likely carrier. The flight candidates were
selected through a NASA Research Announcement (see Program Participation section below) and began
their efforts in the ground-based facilities several years ago.

Substantial differences between normal and microgravity flames have been observed in combustion
systems such as burning droplets, Burke-Schumann flames, laminar, transitional and turbulent gas-jet
diffusion flames, flame spread over solids and liquid pools, cellular and freely propagating premixed
gaseous flames, smoldering combustion, and candle flames. Normally considered weak, diffusional and
radiative processes have been shown to have significant influence on low gravity flames. In addition to new
examinations of classical problems, current areas of interest include soot formation and agglomeration and
weak turbulence, as influenced by gravity. The next generation of experiments will likely include and may
expand beyond these areas, into such endeavors as combustion synthesis of materials.

Currently NASA and intemational human-crew space missions incorporate various means of fire protection,
emphasizing tire prevention but including provisions for fire detection and extinguishment. There are
several reasons for ongoing scientific and engineering interest. Safety strategies are evolutionary
processes and must be subject to periodic review and updating as the knowledge of microgravity
combustion grows and new consensus standards in aircraft and related fields are developed. The complex
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missions and environment of future spacecraft, particularly the permanently orbiting Space Station Freedom,
create a demand for unique and innovative approaches to fire safety. Improved knowledge can optimize
safety factors and provide tradeoffs of minimal risk against greater utilization of spacecraft facilities. A
series of experiments is underway examining fire detection methods, extinguishment methods, and
combustion product evolution and dispersion.

MICROGRAVITY COMBUSTION DIAGNOSTICS DEVELOPMENT

Compared to normal gravity experiments, low-gravity instrumentation has been simple, consisting of movie
films and intrusive temperature and velocity probes such as thermocouples and hot wire anemometers
(calibration of the latter for low-gravity applications is a concern, especially for the low-velocities usually of
interest). This was due to the forementioned constraints on reduced gravity experimentation. However,
to better understand the unique results obtained iniow-gravity combustion experiments, more sophisticated
diagnostic systems are strongly needed. This has motivated an emphasis on developing small, low-power
and lightweight optical techniques because they are non-perturbative, and suited to the acquisition of multi-
dimensional data fields (e.g. two and three dimensional imaging) while being usable in flight hardware. As
with all microgravity experiments, development proceeds from development and testing in a normal gravity
laboratory to demonstration in the ground-based facilities to repackaging / design and use in space flight
hardware.

Table 2 lists methods in active design, development, testing, or demonstration in the low gravity facilities.
Intensified CCD array cameras with sensitivity below conventional detectors or photographic films have
revealed heretofore unseen flame structures and behaviors, especially in dilute hydrogen mixtures aboard
the KC-135. Platinum silicide arrays for imaging in the nea_rand mid-infrared are now available with
sensitivity permitting bandpass filtering to isolate weak spectral emissions. This ailows two dimensional
temperature field measurements of known emissivity radiators, such as soot or grids of thin (15 micron)
ceramic fibers. Such fibers are already being used in the drop towers for the qualitative assessment of
temperature distributions in droplet and gas jet diffusion flames. A more complete characterization of the
IR spectrum may enable the determination of major species concentrations and temperatures.

Relative to phase-sensitive, interferometric methods, the rainbow schlieren method tends to be simpler,
more tolerant to mechanical and thermal fluctuations, and readily adaptable to large fields of view. The
present system with continuously graded color filters has achieved comparable sensitivity to conventional
interferometry. A quantitative determination of the refractive index distribution has been completed and is
in being prepared for publication. This system has been employed in normal gravity to measure refractive
index distributions in and above liquid pools and in axially symmetric jet diffusion flames. A system of this
type is being assembled in a rig for reduced gravity tests in the 2.2 second drop tower facility, and has
flown successfully aboard the KC-135. _

Soot measurements are being conducted Using transmission, scattering, and sampling techniques to
determine soot size and concentration. These techniques have been incorporated into a 2.2 sec drop tower
rig with the initial configuration accommodating full-field absorption measurements using a low power laser
source, and soot sampling using a thermophoretic probe. For the latter, small wire electron microscopy grids
are rapidly inserted into the flame and withdrawn (total residence time of approximately 30 milliseconds)
with the size distribution of the soot particles then determined from the analysis of scanning electron
micrographs.

In the longer range, particle image and laser doppler velocimetry systems are in development for use in low-
gravity facilities. Prototype hardware is available for these measurements. Instrumentation for the
determination of temperature and species concentration via near-IR laser light absorption is also under
development.
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MULTI-USER SPACE FLIGHT HARDWARE

Multi-user hardware is planned, intended to reduce cost and development time for space-based
experiments. Elements of the flight hardware must be compatible with experiments several years from
conception, but predictions of need are difficult; it is recognized that most experiments will need some
unique subsystems to be developed especially and individually. NASA has adopted an evolutionary
approach to multi-user space flight hardware. Experiment payloads, such as the Solid Surface Combustion
Experiment, dedicated to the requirements of a single investigator are to be followed by more advanced
Shuttle payloads each of which can accommodate a class of experiments.

The next set of combustion flight hardware will attempt to utilize a common set of components and
subsystems in required configurations for a first series of flight experiments. Carriers such as Getaway
Special Canisters (GASCANs), sounding rockets and cargo-bay mounted systems will be analyzed by
NASA engineers for potential use in the next generation of experiments. Table 1 includes the currently
planned carrier for flight project candidates. The first complete multi-user facility where many of these
components and subsystems will be permanently mounted will be the Combustion Module (CM-1) to fly on
Space Station Freedom or possibly on Spacelab. Finally, a Modular Combustion Facility (MCF), evolving
from CM-1, is planned for Space Station Freedom.

OPPORTUNITIES FOR PROGRAM PARTICIPATION

NASA provides financial and facility support, typically for a three year "definition study" period, to academic
and industrial principal investigators. Their initial proposals and subsequent progress are evaluated via the _:_.
peer review process which addresses the following types of questions:

"Is there a clear need for microgravity experimentation, particularly space-based experimentation ?
*Is the effort likely to result in a significant advance to the state of understanding ?
*Is the scientific problem being examined of sufficient intrinsic interest or practical application?
*Is the conceptual design and technology required to conduct the experiment sufficiently developed to

ensure a high probability of success ?

Principal investigators (P.l.'s) collaborate with a NASA technical monitor to conduct the necessary research.
Work in the drop towers and aircraft is strongly encouraged in this period. If it is believed that, following
the definition study, space flight experiments are justified, the P.l.'s propose through a competitive
solicitation (described below) a shuttle flight experiment. If they win award through this solicitation, they
become flight candidates. Soon thereafter, the P.I.'s present their detailed objectives, test requirements,
and the conceptual hardware design to another independent review panel comprised of scientific and engi-
neering peers who assess the ability of the proposed flight experiment to meet its objectives. If this
"Conceptual Design Review" is successful, NASA assigns a team of engineers and scientists to the
multi-year development of space flight hardware which meets the P.l.'s specifications. NASA continues
to support the P.I.'s throughout this development to conduct further research, provide consultation, and
support the design and safety reviews prior to space flight. The nominal timeframe from flight experiment
candidacy to manifest on the shuttle is five years. The P.l.'s then monitor the conduct of the experiment
in flight, and subsequently analyze and are obliged to publish the data in an archival journal.

The above scenario is "typical" for shuttle-based experiments, however NASA also supports theoretical and
diagnostics research as well as microgravity experiments which can be completed in the drop towers or
aircraft.

Proposals for either definition study or flight experiment candidacy are solicited via a NASA Research
Announcement (NRA); the first NRA focussed on microgravity combustion science was issued in
December, 1989. It resulted in 13 definition study awards and 6 flight experiment candidacy awards out
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of 65 proposals. The only path to selection for flight project candidacy is through an NRA, Le. through a
competitive, peer-reviewed selection process. It is planned that an NRA for microgravity combustion
science wilt be issued every three years. It is planned that a multi-disciplinary NRA, which will permit
proposals for ground-based studies in microgravity combustion science, will be issued in the three-year
period between combustion-specific NRAs. Finally, NASA offers graduate students financial support
through its Graduate Student Research Program, and post-doctorate fellowships through the National Re-
search Council. More information about the details of these programs and the process of proposal
submission, progress reviews and space flight project selection is available by writing to the Microgravity
Combustion Branch, MS 500-217, NASA Lewis Research Center, 21000 Brookpark Road, Cleveland, Ohio
44135.
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COMMENTS

Ouestion: (Clayton Meyers, NASA Lewis Research Center): (1) How does the fire safety program "interact"
with the evaluation of materials listed in MSFC-HDBK-527? Could a materials test program evolve to

evaluate new material proposed for space use critical for future mission(s) success?

(2) Could optical diagnostics initialized by other directorates (2000, 5000) be shared via some cc_mmonality

program/conference or other structured mechanism? Combustion byproducts analvsis, laser ignition, laser

diagnostics, and seeding technologies are available.

Answer: (1) We have joint efforts with both MSFC and JSC on the exchange of information of fire safety

and combustion science research findings. We all are interested in, and we at LcRC arc dcvcloping

hardware for evaluating the flammability of common materials in low-gravity to assess the dcgrcc of

conservatism of the 1-g test methods in the handbook you cite.

(2) Again, collaboration between directorates at LeRC exists. Wc presently share laboratories and

expensive instruments with the groups you cite, and attend each other's seminars. I assure you we do not

suffer from the "Not Invented Here" syndrome-- we are all too busv to rcinvent existing measurement
methods.
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AN OVERVIEW OF EUROPEAN ACTIVITIES ON

MICROGRAVITY COMBUSTION

Iskender Gbkalp
Centre National de la Recherche Scientifique

Laboratoire de Combustion et Syst_mes R_actifs
45071 Orleans c_dex 2, France
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Introduction

The global objective of the European efforts in microgravity combustion is to combine
theoretical and experimental work, both under normal and reduced gravity, to progress in the
basic understanding of gravity dependent phenomena in various combustion situations.

The first phase of the European activities on microgravity combustion has been summarized
in ret's. 1, 2 and 3. This overview will summarize the more recent developments. The focus
will be on new experimental facilities, new research topics, and new collaborative eftbrts.

European experimental facilities for microgravity ¢0mbustion research

Parabolic flights of aircrafts have been and still are the most common reduced gravity means
used in Europe for combustion experiments. After the 1986-88 period during which the
NASA KC-135 aircraft was used by the European combustion community (ref.2), cL_mbustion
experiments have been conducted since 1989 in the Centre dEssais en Vol, at Br6tigny-sur-
Orge, France during the parabolic tlights of the CNES Caravelle. under the auspices of CNES
t)r ESA/ESTEC. The Caravelle aircraft, with modified engines and hydraulics and reinforced
structure, provides, during approximately 20 seconds per parabolae, mean reduced gravity
levels of 10-2 % when the measuring equipment is attached to the aircraft structure, and
between 10 3 and lO - go _t tree t'ioated m the cabin. Some combusuon experiments are also
taking advantage of the succession of normal-high-low-high gravity levels (ref. 4).

With the construction of the ZARM-Bremen Drop Tower, European combustion community
has a new facility providing much lower gravity levels than those obtained during parabolic
flights. The ZARM Drop Tower is a 145.5 m high concrete tower which contains the drop
tube of diameter 3.5 m and 110 m height. The tower is designed as a vacuum chamber with a
residual air presure of 1 Pa. The free tall duration is 4.74 s. In a later development phase, the
experiment capsule could be launched from the bottom up to the tower top, almost doubling
the flight time up to 9.4 s. The mierogravity level is of the order of 10 -6 go. During the free
fall period the drop capsule is in constant contact with the command centre via telemetry,
remote control and television (ref. 5). A smaller drop tower (height 25 m, free fall time
approximately 2 s) is also operated for combustion experiments in Forrejon, Madrid, Spain,
by INTA (Instituto Nacional de Tecnica Aerospacial) (ref. 6).

The use of sounding rockets for microgravity combustion research is under preparation by
ESA/ESTEC since few years. The combustion experiments module under design aims the use
of TEXUS sounding rocket program, which is a proven system, having been flown
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successfully many times from ESRANGE in Kiruna, Sweden, since 1977. With an
experimental payload weight of about 250 kg subdivided into four to six experiment modules,
the apogee is typically between 250 and 300 kin. This corresponds to a free fall time of 6 to 7
minutes with residual accelerations of less than 10 -4 go- The use of sounding rockets for
combustion experiments offers many additional advantages such as direct experiment
operation by the scientist using telescienee, reduced safety and hazard requirements, short
recovery time and the possibility of late access (ref. 7).

Examples of Eurotgean microgravity combustion research programs

This chapter summarizes briefly some of the European microgravity research programs using
the above listed facilities. The emphasis is mainly put on new research topics.

Microgravity combustion experiments with gas phase flames is conducted during the
parabolic flights of the Caravelle aircraft by. the group at the Laboratoire d'Aerothermique of
the CNRS at Meudon. Part of the invesugation ts devoted to the effects of gravity on

polyhedral flames. Propane-air premixed flames are burner stabilized and tests are conducted
under normal gravity, reduced gravity and at 1.8 go during the pull-up period of the aircraft.
Several theoretical results are verified on cellular flames in the polyhedral configuration and

it is shown that gravity does have a stabilizing effect for a downward propagating flame. On
average, it is observed that one facet of the polyhedron is lost at reduced gravi!y in those
configurations where the number of facets are between 5 and 8 under normal gravlty (ref. 8).
Another part of the research program focuses on the influence of gravity on laminar premixed
and diffusion gas flames (refs. 9 and 10).

Another example of microgravity combustion experiment using the parabolic flights of the
Caravelle is the research program on high pressure droplet burning conducted at the CNRS-
LCSR at Orldans. A High Pressure Droplet Burning Facility has been developed for this
purpose. It allows the investigation of burning and vaporizing single droplets up to an ambient
pressure of 12 MPa. A powerful image analysis system is added to the facility. N-heptane and
methanol droplets undergoing pure vaporization or burning are investigated. Preliminary
results show that the pressure effect on the gasification process differs strongly depending on
the gasification regime and that the instantaneous gasification rate can be obtained by the
techniques developed tr,:fs. II. 12).

With the availability ot the Bremen drop tower, new combustion experiments have started to
take advantage of the very low gravity levels provided by this facility. One recent research

program is developed by the team of the CNRS-LCPC in Poitiers, in collaboration with the
University of Calitbrnia, Berkeley (ref. 13). The global aim of the research is to study the
diffusion flame combustion of gaseous, liquid and solid fuels in a non-buoyant, low velocity,

flat plate boundary layer established in an oxidizing flow. The research program is planned in
progressive stages. The tbrced flow boundary layer flame combustion produced by a gaseous
flame injected through a porous plate is first studied in the Bremen Drop Tower. An
experimental apparatus has been developed and the first drops were realized in 1992.
Methane flames were ignited under both normal gravity and microgravity and the flame
behaviour is recorded by CCD cameras and thermocouples. Several parameters have been
varied. Preliminary observations indicate that microgravity flames are wider and more
diffuse, and less flickering. The flame temperature is lower in microgravity (ref. 13). In

parallel, modelling activities devoted to similar problems are conducted at the Universidad
Politecnica de Madrid (ref. 14_.

The Bremen Drop Tower allowed also the development of another international collaboration
on the topic of high pressure droplet evaporation between German and Japanese teams (ref.
15).

Another example of new microgravity combustion research in Europe is provided by the
future use of the Texus sounding rocket program by the team of the Polytechnic University of
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Madrid. They developed the conceptual design and expected operational characteristics of a
multipurpose Microgravity Combustion Module for sounding rocket experiments. The same

team proposed also to carry out one particular experiment on flame spreading with forced
convection along the surface of a solid fuel at reduced gravity. It is proposed to use hollow
cylinders of PMMA samples of 8 mm external diameter and 4 mm internal diameter. Three
series of experiments are proposed including the influence of small flow velocities at constant

ambient composition with parallel and cross flow conditions, and the influence of oxygen
concentration. In parallel, a theoretical program will be developed and will include the search
of an analytical solution tbr flame spreading under forced convection in all upwind or
opposed flow cases and an approximate theory of the downwind flame spreading processes.
This program is also conducted in collaboration with CISE, (Milano, Italy) and CNR/CNPM
(Milano, Italy) conceming the development of laser diagnostics for microgravity combustion
applications.

A new Euronean collaboration nro_ram on Gravity Dependent Phenomena in Combustion

In 1990, ESA started to organize Expert Working Groups (EWG) in various domains of fluids
and materials sciences in order to structure at the European level the corresponding
microgravity relevant research programs, by seeking strong complementarities between (1)
ground and space based experimental activities (2) theoretical, numerical and experimental
approaches, and (3) basic and technologically relevant research objectives. Another objective
of the EWGs is to seek collaboration possibilities between ESA programs and those of the
Commission of the European Community (CEC). An EWG in combustion has also been

constituted. It is composed of the following individuals: Profs. K.N.C. Bray, N. Peters, A.
Linan, A. d'Alessio, Drs. M. Champion and I. G0kalp (chairman). After several preliminary
meetings and workshops a research program on "Gravity Dependent Phenomena in
Combustion" has been put together and submitted to the Human Capital and Mobility
program of the CEC. The global structure of the program constructed along tour tasks, and
which is currently under evaluation, is as follows:

Task L Flame spread over liquid or solid surfaces

University of Madrid (A. Linan, S. Tadfa)
Universitv of Naples _C. di Blasi]
CNRS, Poitiers (P. Joulain. J..X,I. Mostj

Task IL Flammabili_ limits in gaseous premixtures

RTWH. Aachen (N. Peters)
University of Cambridge (B. Rogg, K.N.C. Bray)

Task IlL Droplet Combustion

CNRS, Orl6ans (I. G6kalp, C. Chauveau)
University of Naples (P. Massoli, A. D'Alessio)
University of Madrid (A. Linan)

Task IV. Laser Diagnostics

University of Naples (P. Massoli, A. D'Alessio)
CNPM, Milan (G. Zizak, F. Cignoli)
CNRS, Orldans (I. Gtikalp, C. Chauveau)
CISE, Milan (I. Gianinoni)

The construction of this collaborative program is based on the understandine that analysis of
gravity dependent phenomena in combustion necessitates both ground based studies and

space tot reduced gravity) experiments. Theoretical studies are also an important part in this

F
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conducted with the aid of ESA and National Space Agencies. The reduced gravity

experiments will use parabolic flights of the Caravelle aircraft of CNES, the Bremen drop
tower, and the Texus sounding rockets. Theoretical and numerical work will be performed in
order to analyze and predict gravity effects on combustion.

In building this programme, the basic research relevance and the technological relevance of
the proposed studies are taken into account. The elucidation of gravity effects on combustion
phenomena has important general basic consequences as combustion induced buoyancy is
always present on ground. The technological relevance of the programme appears through its
interest i) on flammability limits of essentially hydrogen/air mixtures (Task lI) which is the
fuel selected for the future high speed civil transport (the so called scram jet technology based
on supersonic combustion); ii) on droplet combustion (Task !1I) as liquid fuels such as liquid
oxygen will power the next generation rocket motors (such as the Vulcain engine of the
launcher Ariane V) and iii) on flame spread over solid and liquid surfaces (Task I) which
constitutes the basic mechanisms of flame propagation during fires. Finally, Task IV is of
importance for all combustion work as the development of laser diagnostics is today an
essential companion of combustion studies. The adaptation of laser diagnostics to space
conditions will benefit other applications (for example in medical sciences) through their
miniaturization and enhanced stability or user friendliness.
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COMMENTS

Question (Howard D. Ross, NASA Lewis Research Center): (1) What types of laser diagnostics arc being

provided in ESA's microgravity combustion program?

(2) You showed a photograph of flame spread over a liquid pool. Could you please describe the ESA
research in this area in a little more detail?

Answer:

(1) Several groups in Europe are developing laser diagnostics relevant for micrograx'ity combustion. Previous

studies at the Istitute Motori - CNR in Naples, Italy, have shown that the velocity, diameter and temperature

of homogeneous droplets can bc obtained by measuring the light scattered at two timely angles. These

techniques are presently extended to non-homogeneous droplets by developing a theoretical model for the

light-scattering by droplets with a radial gradient of the refractive index to determine the temperature and

species profiles inside multicomponent droplets.

In parallel, a differential interfcromclcr to determine the temperature distribution arc_und a burning droplet

is being developed at ZARM, University of Bremen, Germany.

The Research institute on PropulsiCm and Energctics of CNR in collaboration with CISE, both in Milan,

Italy, arc developing a planar laser induced fluorescence system for combustion diagnostics i,1 microgravity.

A multi-purpose PLIF system based on a 2-D solid state array sensor is under devclc,pmcnt. The objective is

to investigate the structure of diffusion tqamcs by measuring molecular distributions. The simuhancous

detection of the resonant scattering will give indication of the presence of particulate matter such as soot

and/or liquid droplets. Also, temperature measurements will bc obtained by cxplohing the ancm_alous

fluorescence of pyrenc. A PLIF system is also under development at ZARM, University of Bremen, with the

support of the German space agency. The system is based on a tunable narrow band excimcr laser, a sheet-

forming optical device and an intensified digital high-speed CCD camera.

(2) An experimental program on the simulation of pool fires with a gas flame stabilized above a porous
burner of 7-cm in diameter is in progress at the LCPC-CNRS in Potters in cc_llaboration with Laboratoire

d'Acrc_thcrmiquc in *lcudon. The ZARM drop tower and the parabolic fli,..:'hts of the Caravcllc are used h)r

this purpose. The influence of macrogravity on the structure of simulated pool fires is also investigated in a

centrifuge; LDA measurements have already bccn performed in this last case. In parallel, a numerical
modeling study of flame spread over liquid fuels is being conducted at the Univcrsitv of Naples. The

objectives of this study arc: (a) the simul;,tion and analysis, by means of a constant property model, of the

effects of gravity level on flame spread over sub-flash lictuid fuels: (b) the development of variable property

gas-phase models (full Navier-Sh)kcs equations) and simulation of the effects of hot-gas expansions; and (c)

the simulation and analysis of the effects of slow forccd-llow conditions on the pulsating flame spread and
extinction mechanisms.
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JAPAN'S MICROGRAVITY COMBUSTION SCIENCE PROGRAM

Jun'ichi Sato N93-, 0182
Research Institute

Ishikawajima-Harima Heavy Industries Co., Ltd.

Tokyo, Japan

Introduction

Most of energy used by us is generated by combustion of fuels. On the

other hand, combustion is responsible for contamination of our living

earth. Combustion, also, gives us damage to our life as fire or

explosion accidents. Therefore, clean and safe combustion is now

eagerly required. Knowledge of the combustion process in combustors is

needed to achieve proper designs that have stable operation, high

efficiency, and low emission levels. However, current understanding on

combustion is far from complete. Especially, there is few useful

information on practical liquid and solid particle cloud combustion.

Studies on combustion process under microgravity condition will provide

many informations for basic questions related to combustors.

In Japan, origin of the microgravity combustion was Kumagai's droplet

combustion conducted about 35 years ago (ref. i), and until now, most of

studies on the microgravity combustion has been conducted for the

droplet combustion. Recently, many types of studies on the microgravity

combustion have been planed, started, and carried out by using the

droptowers. They are droplet arrays, sprays, solid, coal particle

cloud, and premixed gas combustion studies.

At last year, the biggest dropshaft facility in the world for the

microgravity science was opened at Hokkaido. It produces i0 second of

good quality microgravity field. Also, 4.5 second dropshaft facility is

now under constructed and will be opened in 1994. The new sounding

rocket operation was started from this year. Preparation of a space

station combustion experiments has been started also from this year.

Increasing opportunity for getting good microgravity field has

stimulated recent microgravity combustion studies in Japan. The

combustion scientists who do and hope to do the microgravity combustion

have made the consortium, and it discusses with the government agencies

on the governmental support microgravity combustion programs.

This presentation describes the Japanese microgravity facilities,

recent research activities, and planed future activities.

Microgravity Facilities
&

Droptowers: About six small droptowers of 5 - 20 m have been used for

combustion research at universities and companies. Up to now, most of
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microgravity combustion studies have been done by using these

droptowers.

From October 1991, Japan Microgravity Center (JAMIC) opened its

commercial operations at Kamisunagawa, Hokkaido (see Fig. I) .

Capabilities of JAMIC facility are i0 second of free fall duration,

i0 - g of microgravity level, 8 g of maximum deceleration level, I000

kg of maximum payload weight, and 870 x 870 x 918 mm of experimental

equipment mounting capacity.

The other big dropshaft facility is now under constructed at Toki, Gifu

prefecture and will be opened in 1994. Its capabilities are 4.5 second
of free fall duration, i0 g of microgravity level, I0 g of maximum

deceleration level, 650 kg of maximum payload weight, and 0.7 m diameter

x 0.8m length of experimental equipment mounting capacity.

Parabolic flights: A small jet airplane named MU-300 is employed for the

parabolic f_ight. Its capabilities are about 20 second of microgravity
field, 10 g of microgravity level, and two 700 x 450 x 900 mm

experimental rack. Up to now, there has been no combustion experiments

by using the parabolic flight.

Sounding rockets: A new sounding rocket named TR-IA ha_ been operated
from 1991. The microgravity level and duration are I0 g and about 6

minute. The maximum payload is 750 kg and experimental equipment

mounting capacity is 770 mm diameter x 2380 mm length. For the

combustion experiments, it can be used after 1995. Preparation of TR-

IA combustion experiments will be started from next year.

Space station Japan module: Preparation of microgravity Experiments in

the space station "Freedom" has been started at this year. Combustion

is planed as one of the space station microgravity experiments.

Recent research activities

Droplet and spray combustion: Effects of fuel nature on the burning

process have been studied by using a free droplet method at atmospheric

pressure by Hara and Kumagai (ref. 2). From this research, it has been

found that the quasi-steady theory of droplet combustion cannot be

applied for four kinds alkane fuel from n-heptane to n-decane.

The other droplet combustion studies are for the high pressure

evaporation and combustion. For the evaporation, experiments have been

done up to the ambient pressure of 5 MPa by Nomura et al (ref. 3). and

the data were compared with results obtained at normal gravity

condition. This experiments have been carried out by using 5 second

droptower of University of Bremen, Germany, as a collaborative research.

Quite different evaporation behavior compared with that of under normal

gravity was observed at subcritical and supercritical condition.
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Evaporation constant and evaporation life time were obtained for the

various conditions.

Effects of oxygen concentration have been studied experimentally on the

burning life time and on the carbon zone formation behavior around the

droplet by Niwa et al. (ref. 4). The burning life time takes minimum at

the critical pressure of fuel also in the low oxygen concentration.

Extinction diameter of a burning droplet was predicted theoretically by

Niioka et al. (refs. 5 and 6). For the prediction, they used the

extinction data of diffusion flame established in a stagnation flow on a

liquid fuel and the analogy between its diffusion flame and the flame

surrounding a liquid droplet. The droplet diameter at extinction was

found to decrease rapidly with pressure, take minimum, and then

increase.

Multi-components fuel problems have been studied experimentally by using

a two-components fuel of n-heptane and n-hexadecane by Mikami et al.

(ref. 7). This research used the NASA LeRC 2.2 second droptower as a

collaborative research. Three-stage burning of the binary fuel droplets

is observed, and the onset time of the second stage is compared with the

previous theoretical predictions.

For the ignition, experimental studies are being carried out. Numerical

studies have been done by Tsukamoto et al. (ref. 8), and the results

will be compared with the experiments.

Experimental studies on ignition and combustion of droplets array have

been started from this year. Also, studies on generation of homogeneous

droplet cloud under microgravity have been started for preparation of

the spray combustion research in the space station.

Others: Ignition of premixed gas by a hot surface has been studied

experimentally and theoretically by Nagata et al. (ref. 9). Ignition

delay under microgravity is shorter than that under normal gravity.

Fire spreading behavior over a paper honeycomb has been studied by Itoh

et al. (ref. i0), and the effects of fire spreading direction, oxygen

concentration, and honeycomb cell size were obtained and compared with

that of under normal gravity. The fire spreading velocity does not

depend on the honeycomb cell size under microgravity.

Flame propagation behavior through the coal particle .... have been

studied by using i0 second dropshaft to study the coal gasification

process by Sato and Itoh. Nearly homogeneous particle cloud was

obtained and spherical flame propagation was observed.

Demonstration experiments of i0 second dropshaft were conducted by some

combustion experiments, such as candle burning, paper burning, string

burning, and large solid fuel burning by Itoh et al. The candle did not

extinguish during i0 second of microgravity. These studies will be

continued as microgravity combustion science.
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Future research activities

Preparation of s_ace station combustion experiments has been started

from this fiscal year. Based on the discussion in the Japanese

microgravity combustion consortium, spray combustion experiments are

planed to do in the space. Details of experiments are being discussed

and some experimental preparations will be started in this year.

Two large governmental research programs on microgravity combustion

science by using i0 second dropshaft are planed for five years from next

year to keep clean the earth by the fundamental combustion science point

of view. This year is preparation for the next year. One program will

be conducted as international research collaboration. Details how to

conduct these have been started to be discussed and will also be

discussed with the governmental agencies concerning microgravity

combustion science in the world. In the Japanese side, many combustion

scientists will participate these research programs

Concluding Remarks

Up to now, most of the research budget for microgravity science in Japan

has been used for material science. But recently, the research budget

for combustion is increased and then Japan's microgravity combustion

science programs are being increased remarkably. Furthermore, i0 second

dropshaft facility was opened in Japan at last year. Many Japanese

combustion scientists will join the microgravity programs in the near

future.

For the combustion scientist, it is required to explore the combustion

phenomena in order to solve the emission problems from the combustors.

Microgravity field is suitable for the fundamental combustion research.

However, opportunity to use a good quality microgravity field of over 3

second is not so much for many combustion scientists because of the

limited number of big facilities. Therefore, more effective use of the

limited number of big facilities is important and should be discussed.
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CAPABILITIES AND CONSTRAINTS OF TYPICAL SPACE

FLIGHT HARDWARE

John M. Koudelka
NASA Lewis Research Center

Cleveland, Ohio 44135

Introduction

The Space Experiments Division is in the business of performing

ground based low gravity testing and designing experiment

hardware for space flight on the Space Shuttle and in the future,

Space Station Freedom. As witnessed in combustion work, the

reduction of gravity brings forward previously negligible

processes and parameters. In a similar manner, the design of

experiments for microgravity operation aboard the Space Shuttle
must consider parameters that are often not factors for

laboratory hardware.

Accommodations

One of the first requirements that needs to be defined is the
size selection for Shuttle accommodations. This selection is

mostly driven by experiment requirements and manifest
availability. The accommodations aboard Shuttle fall into two

categories, that is habitable areas and the cargo bay.

Obviously, the habitable areas permit crew interaction (hands on

options) with the experiment. Cargo bay experiments are

required to be more automated. Also, the safety requirements

associated with crew presence are not a concern in the cargo bay.

The Space Shuttle provides several accommodations within the

habitable area. Options consist of the Middeck area and the

Spacelab (Spacehab is future option). Each area has its

limitations and advantages. A summary of the resources available

in each area is provided in Table i.

Middeck

The Middeck area is the crews' living space. The prime

experiment accommodation is in the place of middeck stowage

lockers. The lockers are used mainly for Shuttle and crew

stowage items but based upon the mission, several of the locker

spaces are available for experiment hardware. The hardware can

be designed to fit into a stowage container which provides

0.56 m 3 of volume and 24 kg weight carrying capacity.
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Additional volume and weight is accommodated by interfacing in

place of the stowage container(s). Experiment hardware can

occupy the space of two middeck stowage lockers structurally
and several lockers if not structurally connected. The more

space that is allocated for a single experiment, however

reduces the opportunities for flight. The services provided to

an experiment in the middeck locker area are basic (namely;

space, low power nnd crew interaction). The middeck locker

area does provide ample flight opportunities since it is an

integral section of the Shuttle. Experiments slated for

Middeck opportunities are considered as secondary payloads
which are evaluated for each Shuttle flight.

The Middeck area can also provide accommodations in a Middeck

Accommodations Rack (MAR). This rack is mounted along port

side in the Middeck. It provides additional services such as

cooling, increased volume (0.42 _) and increased weight. The

MAR has not been yet integrated into a Shuttle for flight.

Spacelab

The Spacelab module provides a complete laboratory setting for

conducting experiments. The module consists of twelve

equipment racks and additional mounting locations along the
floor for experiment hardware. A summary of the rack features

are listed in Table i.

The Spacelab racks provide a variety of resources to the

experimenter. The Spacelab rack services closely resemble the
services associated with normal laboratories. Along with the

larger volume and weight capacity available compared to the
Middeck accommodations, the rack has provisions for thermal

control (avionics air loop or liquid cooling loop), and command

and data management.

Another provision for experiment operation within the Spacelab

is a glovebox facility. The glovebox is a sealed work area for

the performance of small experiments. The glovebox experiments

are manifested as stowage items and operated in the confines of

the glovebox. The facility provides a level of containment

that permits operations using small quantities of toxic,

irritant or potentially harmful materials.

A small version of the Spacelab is the Spacehab. The Spacehab

is being developed to provide either 61 lockers (Middeck type)
or 41 lockers with 2 racks. A Spacehab rack provides 1.2 me of

volume (two areas of 2.03m x .48m x .56 m) and is able to

support 567 kg of payload. Other services provided by the

Spacehab rack is similar to those provided by the Spacelab

rack. The Spacehab is a new Shuttle accommodation that is yet

to be flown.
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Crew operation and observations of experiments is available to
all accommodations within the habitable areas of the Shuttle.

The rack accommodations generally offer the most

resources/services to the experimenter but the lockers have the

greatest flight opportunities.

The other accommodation area for microgravity experiments

(secondary payloads) is in the Shuttle cargo bay. Two of the

accommodations are the Getaway Special (GAS) Canister and as a

payload on the Mission Peculiar Experiment Support Structure

(MPESS)

GAS cAN

The GAS can is a cylindrical pressure vessel that can house up

to a 90 kg experiment payload. The GAS can provides the
simple services of 0.14 m _sealed volume and activation

control. The GAS can being basic simplifies the integration

and design work for the experimenter. The GAS cans are

generally manifested as ballast on the Shuttle so flight

opportunities are determined relatively late in the processing

flow, but are often.

MPESS

Two MPESS's have been connected to form the United States

Microgravity Payload (USMP). A description of the payload
accommodations on USMP are described in Table I. The USMP

accommodation has resources similar to the Spacelab. It only
lacks the crew interaction.

The cargo bay accommodations lack the crew interaction provided
within the habitable areas of the Shuttle. The loss of this

feature requires the experiments to be more automated. For USMP

payloads, interactive control is available through the command

and data management system (CDMS).

The accommodations described are the common ones aboard the

Shuttle. For all these accommodations, the experimenter time-

line is limited to the length of the Shuttle mission which is

generally about five to ten days (extended duration of 13 days

has been achieved) and sharing of resources among experimenters.

The time-line will be expanded with the future use of Space

Station Freedom (SSF). Rack accommodations are being developed
for SSF.

HARDWARE DESIGN

The experiment hardware design gets its origins from the

laboratory rigs developed in performing l-g tests. The process

to get to a flight experiment would seem to be one of packaging.

Requirements based on Shuttle safety and environment, however

does not allow us to just package components. Parameters are
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added or more importance is placed on parameters as the hardware
is transitioned to the Shuttle.

MATERIAL SELECTION

Today, health concerns from materials are addressed in their

uses in the laboratories. Material Safety Data Sheets (MSDS)

provide guidelines for safe use of materials and protective

equipment necessary when handling certain materials. The

measures taken on the ground, however, are not always available

on the Shuttle, therefore extra precautions must be taken. All

materials used on the space flight hardware must be evaluated

for its acceptability.

Metallic materials are evaluated for their resistance to

corrosion and contamination, resistance to stress corrosion

cracking, compatibility with oxygen and fluid systems,

strength, and fatigue endurance. Along with the metallic

material selected, attention must be paid to the coatings

applied to the metals.

Non-metallic materials generally come under the majority of the
scrutiny. The major concerns for non-metallics are

flammability and toxicity. Both of these are of less concern

for experiments located in the cargo bay (depending on

experiment provided environment). Common plastics, tapes and

adhesives used in the lab are usually not acceptable for space

flight use.

ENVIRONMENTAL CONSTRAINTS

The hardware components must be evaluated for their ability to

operate and survive the environment imposed by a Shuttle flight

(launch, orbit and landing). An area of concern for components
is the ability to survive the launch random vibration loads.

The vibration loads are dependent upon the accommodation but

generally range up to 12 g's [rms] (at the interface with the

experiment; might be larger at component due to amplification).

In order to deal with the vibration environment, some

components require vibration isolation, modifications for

vibration resistance, or substitution.

The thermal environment of the Shuttle is also a concern for

the experiments in the cargo bay. The cargo bay temperatures

exceed the operating limitations of most commercial electronics

and the temperatures affect experiment gases and liquids (phase

change, pressure changes). Due to the elimination of buoyancy

driven convection flows in the microgravity environment, even
the shirt sleeve environment of the manned areas causes thermal

problems. With the lack of convection, some experiments design

in forced convective flows to keep hardware within operating

limits and below Shuttle temperature limits (touch temperature

limit of 45 °C). The thermal concerns also direct component
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selection to be based upon power consumption.

An obvious aspect of space flight that is sometimes overlooked

in evaluating component acceptability is gravity dependency.

Some mechanisms rely on gravity for proper or safe operation.

An example of this is the ejection of a storage disk. The

mechanism consisted of a spring load to overcome frictional

drag due to the weight of the storage disk. Without the

gravity force, the spring load propelled the storage disk into
the Shuttle cabin area.

These factors and others make the transition to space flight

hardware more than a packaging task. They also work to add
constraints to the hardware.

OPERATIONS

Even though some of the Shuttle accommodations resemble

laboratories in terms of services provided, they do not in terms

of operations. All experiment operations and crew interactions

with hardware are controlled by the Shuttle safety requirements.

Safety has to be at the center of hardware design and hardware

operations. Experiment hardware or operation shall not damage or
impair the Shuttle nor harm the crew.

This requirement has far reaching implications in the hardware

design and operation. Simple operations performed on the ground

such as samplechange out are complicated in space. The

procedures for the sample change out must consider items such as

sharp edges, surface temperatures, release of hazardous materials

(combustion gases) or electrical shock. The experiment procedure

during a space flight must have controls to prevent any of the

possible unsafe conditions before it would be approved for

performance. Operation of the experiment requires extra steps

and extra hardware features to aid the crew in the weightless
environment.

The automated operation of experiments are still subjected to the

requirement of safe operations. For those type of experiments,

electrical and software protection are required.
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CONCLUSION

The accommodations for experiments provide space up to 1.75 m3

and structural capacity of 300 kg. The services usually

available in ground based laboratories such as power, cooling,

data management can be found within the Shuttle accommodations.

The experimenter receives the services necessary to conduct their

experiment. Space flight safety and environmental requirements

constrain the design of the experiments. Factors such as

material acceptability, vibration survival and non hazardous

operations at times eliminate experiment components or

operational flexibility.
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CAPABILITIES AND CONSTRAINTS OF NASA'S GROUND-BASED

REDUCED GRAVITY FACILITIES

Jack Lekan, Eric S. Neumann, and Raymond G. Sotos
NASA Lewis Research Center

Cleveland, Ohio 44135

N93-20184

Introductioa

The ground-based reduced gravity facilities of NASA have been utilized to support numerous
investigations addressing various processes and phenomena in several disciplines for the past 30 years.
These facilities, which include drop towers, drop tubes, aircraft, and sounding rockets are able to
provide a low gravity environment (gravitational levels that range from 10-2g to 10-6g) by creating a
free fall or semi-free fall condition where the force of gravity on an experiment is offset by its linear

acceleration during the "fall" (drop or parabola). The low gravity condition obtained on the ground is
the same as that of an orbiting spacecraft which is in a state of perpetual free fall. Figure 1

summarizes the gravitational levels and associated duration times associated with the full spectrum of
reduced gravity facilities including spaced-based facilities. Even though ground-based facilities offer
a relatively short experiment time, this available test time has been found to be sufficient to advance
the scientific understanding of many phenomena and to provide meaningful hardware tests during the
flight experiment development process. Also, since experiments can be quickly repeated in these
facilities, multistep phenomena that have longer characteristic times associated with them can
sometimes be examined in a step-by-step process. There is a large body of literature which has
reported the study results achieved through using reduced-gravity data obtained from the facilities.

Over the past several years these ground-based facilities have grown in their importance, particularly
in the vital role they play in the support of research programs sponsored by the Microgravity Science
and Applications Division (MSAD) of the NASA Office of Space Science and Applications. These
facilities support the development of long duration space flight experiments aboard the Space Shuttles
and eventually Space Station Freedom. The resources required to execute space-based experiments
require thorough scientific justification and proven technological feasibility. Many of these

requirements can be met in ground-based facilities. Drop towers and aircraft are employed to perform
precursor tests to define space experiment science requirements and conceptual designs, perform tests for
space experiment technology development and verification and to also provide baseline normal and
reduced gravity data. The NASA facilities have enhanced the success and value of space experiments
to such an extent, that when appropriate, their utilization is a prerequisite prior to flight. The
facilities are also utilized for the execution of ground-based science programs. The requirements of
these investigations can be fully met in the facilities and thus avoid the need for longer duration
flight experiments.

While the value of the NASA ground-based reduced gravity facilities is clear, that value is enhanced
by considering the capabilities and characteristics of each facility and selecting the one best suited for
a particular series of experiments. This document will focus on the capabilities of the facilities located
at the Lewis Research Center (LeRC) in Cleveland, Ohio which include a 2.2 Second Drop Tower, the
Zero-Gravity Research Facility, and a model 25 Learjet. The capabilities of the KC-135 aircraft of the
Lyndon B. Johnson Space Center 0SC ) in Houston, Texas will also be presented.
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The initial low gravity testactivities at LeRCfocusedon testing to enablethe developmentof
technologiesandsystems for space power and propulsion. Fundamental studies were performed to gain
an understanding of fluids under reduced gravity conditions. These studies allowed NASA to develop
on-orbit fluid management and handling functions including storage, conditioning, and transfer with a
variety of liquids, gases, and supercritical fluids. Along with addressing the needs of propellant
systems, smaller studies were initiated in other areas such as combustion, including fire safety.
Through a large number of tests performed in the LeRC facilities in the 1960's and 1970's, including a
progression from the Aerobee sounding rocket to an AJ-2 airplane to the 2.2 Second Drop Tower and
finally the Zero-Gravity Research Facility, our understanding of many low gravity processes was
greatly enhanced. During the late 1970's and early 1980"s ground-based reduced gravity research
declined. This reduction was due to the fact that the many critical enabling low gravity technologies

had been successfully developed and implemented and some experimentation had moved to space as
components of the Apollo and Skylab programs.

Reduced gravity or microgravity research ( a term synonomosly used with research activities conducted
at less than normal earth gravity) was reborn with the new era of the Space Shuttle and plans for the
Space Station. NASA's MSAD program developed and grew since a restructuring in 1978. The MSAD
program now sponsors over 115 researchers in several disciplines. The large growth in the MSAD
program has been paralleled by an explosive growth in the number of programs, testing, and experiment
complexity in ground-based facilities.

Facility Description_

The 2.2 Second Drop Tower, due to its relatively simple mode of operation and associated low cost, is
the most heavily utilized facility as it now routinely supports over 1000 test drops per year. The Drop
Tower, while only providing a test time of 2.2 seconds, does represent an easy and timely method of
acquiring low gravity data. A schematic of this facility is shown in Figure 2. The components of the
Drop Tower include a shop for experiment build-up, integration and testing, several small laboratories
for experiment preparation and normal gravity testing, an electronics support area, and an eight story

tower in which is contained the drop area. ' _ _ .....

Since experiment packages are dropped under normal atmospheric conditions, air drag on the package is

minimized by enclosing it in a drag shield which has a high rate of weight to frontal area and a low
drag coefficient. The drag shield/experiment assembly is hoisted to the top of the drop area where the
necessary electrical connections are made. The entire package is then suspended by a highly stressed
music wire which is attached to the release system. A drop is initiated by the pressurization of an air
cylinder which drives a hard steel knife against the wire which is backed by an anvil. The resulting
notch causes the wire to fail and the drag shield and experiment package are smoothly released into
free fall. Accelerations of approximately 10-5 g are obtained a-s the experiment falls freely a distance
of 20 centimeters within the drag shield while the whole assembly falls from a height of 27 m. The
only external force acting on the freely falling experiment is the air drag associated with the relative
motion of the experiment within the enclosure of the drag shield. A drop is terminated when the drag
shield assembly impacts a 2.1 m deep rectangular container that is filled with sand. The sand is
aerated prior to a drop to help reduce deceleration levels. The deceleration rate is controlled by
selectively varying the tips of three 1.9 m long aluminum spikes that are mounted on the bottom of the
drag shield. At the time of impact of the spikes with the sand, the experiment package has traversed
the available vertical distance within the drag shield and is resting on the floor of the drag shield.
The deceleration levels at impact vary from approximately 40 to 100 g's for several milliseconds.
Precautions taken during design, coupled with various cushioning foams permit the utilization of many
off-the-shelf electronic items including video cameras, low-power lasers, light bulbs, and data

acquisition and control systems. For sensitive hardware such as optical diagnostics which require

z



decelerations of no more than 40 g's, a shock absorption system has been successfully employed to meet
these requirements.

A large variety of experiment packages or "drop rigs" with differing capabilities have been tested in
the Drop Tower. Hardware provided by investigators is integrated into a rectangular aluminum frame

to form the experiment package. Experiment hardware weight is limited to 140 kg. The frame or drop
bus has varied over the years according to the experiment needs. The current "standard" frame is 81cm
high, 91cm long, and 40 cm deep. Standard frames need not be utilized however. Examples of two
experiment packages are shown in Figures 3 and 4. The Laser Diagnostics rig (Figure 3) represents the

most recent and sophisticated experiment package. For the purpose of clearly showing the
experimental hardware, the supporting framework was removed. Figure 4 shows a rig utilized for
premixed gas combustion. The rig is in the partially assembled drag shield undergoing final
preparations prior to a drop test.

Experiment power is provided by onboard battery packs which are generally 28 VDC. A 110 VAC
power cord has been dropped along with the package for two experiments. Data is acquired by high-
speed motion picture cameras supplied by NASA with framing rates up to 1000 frames per second and
also by a variety of video cameras. The video signal can be recorded onboard or transmitted to a remote

recorder via a fiber optic cable that can be dropped with the experiment. Onboard data acquisition and
control systems are also employed to record data supplied by instrumentation such as thermocouples,
pressure transducers, and flow meters. The data acquisition and control system is supplied by NASA in
many instances. Table I summarizes the characteristics of the Drop Tower operations.

The Zero Gravity Research Facility when compared to the Drop Tower represents an expansion in
research capabilities and and in some instances experiment sophistication. Microgravity test time is
increased to 5.18 seconds while experiment size and weight can be increased considerably and new
experiment features are added. A schematic diagram of the facility is shown in Figure 5. The above-
grade portion of this unique facility, which is a registered U.S. national landmark, consists of

mechanical and electronics shop areas for experimental build-up, integration, and testing, a class
10000 clean room, shop offices, a control room for drop operations, and the attendant mechanical and

electrical systems. A test chamber shaft, deceleration system, and support systems comprise the below-
grade portion of the facility.

The shaft component of the facility, which extends 155 m below-grade elevation, consists of a .45 m
thick unreinforced concrete casing with an inside diameter of 8.7 m in which is housed a 6.1 m diameter

steel walled vacuum chamber which is 145 m deep. Unlike the Drop Tower, aerodynamic drag on the
free-falling experiment vehicle is reduced to less than 10-5 g's by evacuating the vacuum chamber to a
pressure of 10 -2 ton'. A multiple staged vacuum pumping system is capable of evacuating the chamber
to the desired drop pressure in one hour. After an experiment has been prepared, the experiment vehicle
is enclosed in a protective cover. The experiment vehicle is then suspended by its support shaft from a
hinged-plate release mechanism at the top of the vacuum chamber. An umbilical cable is attached to

the support shaft to maintain monitoring and control of the experiment during the pump down process.
The umbilical is remotely pulled one-half second prior to release. The experiment vehicle is released
by hydraulically shearing a bolt that is holding the hinged plate in a closed position. No measurable

disturbances are imparted to the experiment by the release procedure. 5.18 seconds of reduced gravity
are obtained by allowing the experiment vehicle to free fall in a vacuum through a distance of 132 m.
After the experiment vehicle traverses the 132 m distance, it is decelerated in a 3.6 m diameter, 6.1 m

deep container which is filled with small pellets of expanded polystyrene. An average deceleration
rate of 35 g's is controlled by the flow of the pellets through the annular area between the experiment
vehicle and the container wall. Peak deceleration loads reach 65 g's for several milliseconds.

The experiment vehicle, or drop bus, serves as the load bearing carrier structure for the experiment and
protects the research equipment mounted within from the deceleration shock loads. The experiment
vehicle also provides services such as power and programmable controllers. The primary vehicle
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configurationcurrentlyusediscylindrical(with a conical tip). The vehicle, which is shown in Figure 6
outfitted with the Solid Surface Combustion Experiment engineering model, has an overall height of

3.4 m and gross weight of 1135 kg. The test section of another vehicle equipped with a general purpose
combustion chamber is shown in Figure 7. This test section, which facilitates the mounting of
experiment hardware, is 1 m in diameter and 1 m in height. Experiments with hardware weight up to
455 kg can be accommodated in the vehicle. As in the Drop Tower, data from experiments is acquired
using high speed motion picture cameras with framing rates of up to 1,000 frames/second, video cameras
(with onboard video recorders) and data acquisition systems which are utilized to record data such as
temperature, pressure, and flow rates. Onboard battery packs supply the necessary power after the
experiment is dropped. The key features of the Zero-Gravity Research Facility are summarized in
Table 2.

The Lewis Research Center operates a specially modified Learjet model 25 in support of microgravity
programs. The aircraft can obtain 18 to 22 seconds of low gravity by flying a parabolic (Keplerian)
trajectory. The aircraft accomplishes this with a rapid climb to a 50 to 55 degree angle (pull up), then
slows as it traces a parabola (pushover), and then descends at a 30 degree angle (pull out). It is during

the pushover that gravity levels on the order of 10 -2 are obtained. During the pull up and pull out the
aircraft experiences brief periods of increased g, ranging from 2.5 - 3 g. The Learjet can also provide
intermediate levels of 1/20 to 3/4 of earth gravity. Although the reduced gravity levels obtained
aboard the aircraft are not as low as those obtained in drop towers, the aircraft offers the advantages
of increased low gravity duration, real time monitoring and reconfiguration of the experiment in low

gravity by an onboard operator, and a very minimal high gravity recovery.

The Learjet has 185 cm of cabin length available for experiment mounting and researcher seating. As
many as three researchers can be accommodated. Due to the limited cabin volume, experiments must be
attached to the aircraft, and generally only one experiment is installed at a time (Figure 8).

Experiments are typically mounted in standard racks which were developed specifically for Learjet
experiments. These racks have a usable volume 72 cm high, by 60 cm wide, by 52 cm deep. Each rack is
limited to a total weight of 85.2 kg. Two racks can easily be accommodated in the aircraft. Experiment
specific racks can be designed when the standard racks are not adequate. For example, a special rack
was developed to mount a Get Away Special Canister in the Learjet. All hardware mounted in the
aircraft must be designed to withstand the following loads, when applied one at a time: 9.0 g forward,

7.0 g downward, 2.0 g up, 1.5 g aft, 1.5 g side.

Accelerations aboard the Learjet are measured by three servo-accelerometers which are oriented along

the pitch, lateral, and longitudinal axes of the aircraft. The inherent accuracy of the accelerometer
system is +/- 0.005 g's, but the lowest accelerations achievable during a trajectory are somewhat

higher due to air turbulence and other flight control factors. Output from the accelerometers is sent to
the cockpit displays for use by the pilots for control of the trajectory. The analog outputs are also stored
on a strip chart recorder aboard the aircraft, and can be supplied to experimenters for storage on their

data systems.

The Learjet Can complete a maximum of six trajectories before landing if minimum accelerations are

obtained. Typical flight time for a six trajectory flight is approximately 1.5 hours. One to two flights
are generally conducted per day. Because experiments aboard the aircraft do not experience the high g
recovery periods associated with drop towers, virtually any ground-based laboratory equipment can be
supported aboard the Learjet. Three sources of electrical power are available to researchers: 28 VDC,
80 amps maximum; 115 VAC 60 Hz, 7.5 amps maximum; and 115 VAC 400 Hz, 18.3 amps maximum.
Table 3 summarizes the pertinent characteristics of the Learjet.

The Johnson Space Center operates a Boeing KC-135A aircraft in support of low gravity research. The

aircraft is a four engine jet transport similar to the Boeing 707. The aircraft achieves low gravity by
flying a parabolic (Keplerian) trajectory similar to the one described for the Learjet. Up to 23 seconds of
reduced gravity conditions can be obtained during each trajectory. The gravity level experienced by an
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experiment fixed to the aircraft floor is approximately 10-2 g's. Due to the larger cabin space
available, experiments flown aboard the KC-135 can also be free-floated during a trajectory. Free-

floating enables an experiment to experience a gravity level on the order of 10-3 g's to 10-4 g's. However,
depending on the experiment size, free-float packages usually impact the aircraft walls or ceiling
before the end of the trajectory, shortening the low gravity time to 5 to 8 seconds. The KC-135 is also

capable of flying partial gravity trajectories. Typically, about 40 trajectories are completed per flight.
Flights generally are 2 to 3 hours in duration and one flight is conducted per day. The KC-135 has a
much larger volume than the Learjet. The aircraft has a usable cabin length of 18.28 m and a width of
3.25 m. Experiment size is limited by the cargo door of the aircraft which measures 1.90 m high by
2.99 m wide. Experiment weight is limited by the aircraft's maximum floor loading of 976.5 kg/m2.

Experiment hardware must be designed to withstand the following emergency loading condition: 9 g's
forward load, 3 g's aft, 2 g's lateral, 2 g's up, and 6 g's down. Because of the aircraft's large volume it is
common to have numerous experiments, both fixed and free floating integrated for the same flight (see

Figures 9 and 10). The KC-135 has 3 types of electrical power available to experimenters: 28 VDC,
80 amps; 110 VAC, 60 HZ, 20 amps; and 110 VAC, 400 HZ, 3 phase, 50 amps per phase. The aircraft is
also equipped with bottle racks to carry standard K-bottles of inert gases, as well as an overboard vent
system to allow for manual or automatic venting of liquids or gases in flight.

Like the Learjet the KC-135 can support a wide range of instrumentation and data systems. Gravity
level data in the z-axis (vertical) only is measured during the trajectories and is available for input

into research data systems. JSC can also provide photographic equipment and personnel, to support the
needs of flight researchers. Further information and documentation regarding KC-135 operation can be
found in the "JSC Reduced Gravity Program User's Guide" (JSC-22803).

From the above summary of the description of the NASA low-gravity facilities, it is evident that each

facility has its own unique capabilities and limitations regarding the amount of test time, purity of
reduced gravity levels, experiment size, operations and researcher interaction. Even though there are
limitations, particularly in the amount of available low gravity time, the facilities have enjoyed a
high level of effectiveness in meeting the needs of many investigations. The effectiveness of the
facilities is evident in a large body of literature which has reported the results achieved using low
gravity data obtained from the facilities particularly in the disciplines of combustion and fluids. Also,
there have been a number of successful technology developments and successful space flight experiments
based on activities executed in the facilities. Specific information regarding facility operations and

some experiment hardware will follow.

Facility Operations/Guidelines

Effective utilization of the reduced gravity facilities begins with the selection of the appropriate

facility in which to conduct an investigation. Facility selection generally is based on the following
guidelines: experiments which are exploratory or require a large number of tests and do not require more
than 2.2 seconds of test time should be conducted in the Drop Tower; well-defined experiments that

require additional test time and high purity low gravity levels are candidates for the Zero-Gravity
Research Facility; experiments which require longer test times and/or can tolerate higher reduced
gravity levels and/or require operator interaction or are simply too large for the drop facilities should
be considered for testing on the Learjet or KC-135 aircraft. The above represent initial guidelines.
Discussions with the respective facility managers and experienced NASA investigators are also

required in making a final determination. Note that for all facilities, investigators have the option of
providing their own hardware up to a completely assembled experiment, utilizing existing NASA
hardware (sometimes in a sharing arrangement) when feasible, or working with their technical
monitor and facility operations personnel who will oversee experiment build-up.

The Drop Tower offers the greatest opportunity for "hands-on" investigations as well as the

opportunity for the execution of a large test matrix (some hardware has been utilized for hundreds of
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drops) and easy utilization of investigator-provided hardware. In most instances drop frames are sent
to the investigator's institution for experiment assembly. Drop Tower personnel are available for

consultation regarding all phases of an experiment, and also for limited hardware integration and
assembly. Investigators are ultimately responsible for the testing and maintenance of their hardware.

NASA-provided hardware besides the drop frame, can include cameras, certain electronics components,
and data acquisition and control systems. A review of Table 1 will serve as guidance for design criteria
for the Drop Tower. As mentioned previously, in some cases existing hardware or general purpose drop
packages can be used with minor modifications and sharing of that equipment can be arranged.

The Zero Gravity Research Facility operations philosophy is unique particularly when compared to
that of the Drop Tower. Except for a few experiments, the design, fabrication, assembly, integration,
checkout and test operations are the responsibility of the facility operations personnel. For programs
where hardware is furnished, facility personnel are available to consult on the design and buildup of
the experiments. Operations personnel also have the responsibility to integrate the experiments into

the drop vehicles and conduct the drop tests. Another major characteristic of the Zero Gravity Facility
is that there are four experiment vehicles available to support experiments. Due to costs and
complexity of the hardware involved, experiment vehicles become multi-user/multipurpose in nature
This situation is very different from the Drop Tower, where, in most cases due to lower costs and
complexities, experiment-specific drop frames and experiments can be built-up if needed.

Table 2 summarizes the criteria that should be considered for Zero-Gravity Facility experiments.
However, a few of them, due to their importance, are stated here. These design criteria include the
following: experiments must be designed to operate in a vacuum environment; experiments should be

capable of unattended control for a minimum of one hour after final checkout to allow for experiment
vehicle integration into the facility in preparation for the drop test; because of the uniqueness of the

facility and potential hazardous conditions to personnel working around the experiment vehicle during
facility operations, the experiment must pass a stringent safety review (safety reviews are required for
testing in all of the facilities); and because of environmental concerns, limits may be imparted on the
types and quantities of fluids or gases available for testing.

Aircraft experiments require a close interface between the investigator and the operations engineering
staff to ensure safety, and thus personnel at LeRC are an integral component of this type of testing. For
the Learjet, an operations engineer and support staff similar to that of the Zero-Gravity Facility are
available to integrate investigator-provided hardware into an experiment package or to have the
responsibility for the design, fabrication, assembly, integration and checkout of new hardware. A

summary of some of the design constraints can be found in Table 3. In either case, the operations engineer
is responsible for the preparation of detailed safety documentation that must meet the approval of the
LeRC Airworthiness Review Panel. The investigator will be required to provide certain elements of

this documentation. Investigators who plan to fly on the Learjet are required to provide the LeRC
Aircraft Operations Office with certification of both a current flight physical (minimum FAA Class III

or Air Force Class III) and record of attendance at either a military or FAA passenger/crew
physiological training class.

KC-135 experiments can also be supported by LeRC personnel in the same capacity as for Learjet
experiments. Even though the KC-135 is operated out of JSC, the Marshall Space Flight Center
(MSFC) has the responsibility for coordinating and scheduling flights for experiments sponsored by the
MSAD of NASA Headquarters. LeRC personnel are available to assist investigators with the various

documentation and contacts (MSFC and JSC) necessary for meeting the requirements for KC-135 flights.
Also, LeRC-sponsored KC-135 experiments per JSC guidelines must be reviewed and approved by the
LeRC Airworthiness Review Panel. The hardware will also be reviewed by a JSC safety committee for
approval prior to flight. The "JSC Reduced Gravity Program User's Guide" provides complete details
of experiment design guidelines and requirements for personnel who will be flying on the KC-135.
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Another aspectof facility utilization involves coordinationwith NASA personnel.A NASA
researcheror scientistis assignedto bea contracttechnicalrepresentative to any LeRC-sponsored
investigation in the ground-based facilities. This individual will have the responsibility to provide
the sponsored researcher with the necessary guidance regarding facility utilization and also assist in
establishing an interface with operations personnel in the various facilities. The activities that will
be coordinated with this individual include the following: arrangement of a pre-design meeting with
the appropriate operations and design engineers to discuss the investigation, objectives, measurements
required, hardware needs, design and procurement responsibilities and the like; maintenance of

communications with operations personnel during the design and build-up phase; assistance in the
preparation of a Test Request Document (directed to the appropriate operations engineer) which

formally defines experiment details and experiment milestones, etc. ; assistance in scheduling tests;
and consultation during the testing phase. LeRC mechanical and electronics technicians are available
during the testing phase for repairs or modifications that cannot be performed by the investigator. This
support may not always be available in a timely manner due to the many investigations that are
ongoing.

Experiment Hardware/Investigations

As stated earlier, the NASA ground-based facilities have supported a wide range of investigations
over the past thirty years particularly in the fields of combustion and fluids. Table 4 represents a
sampling of a few of the recent experiment programs that have been carded out in the facilities. Many
of the investigations have utilized more than one facility. A description of some of the hardware will
be presented to show what is feasible. Of course these descriptions represent examples of capabilities.
Simpler or more complex systems have been or can be engineered depending on the needs of the
investigation.

The inventory of operational drop rigs at the Drop Tower has reached twenty-five with several more
in the build-up phase. One of those that will soon become available is an updated multipurpose, multi-
user combustion rig that will address investigations including solid material flammability, gas-jet
diffusion flames, candle flames, and spacecraft fire safety. The test chamber for this rig will have an
internal volume of .027 m3 (.25 m I.D., .53 m length), a working pressure of 4.8 atmospheres, five
viewing windows, and several feedthroughs and penetrations for mechanical and electrical hardware
connections. The data acquisition capabilities will include accommodations for four thermocouples, one
pressure transducer, and movie and video systems. The rig will also have provisions for a laser light
sheet and a shock absorption plate system for the mounting of sensitive components.

Since there are fewer experiment vehicles available at the Zero-Gravity Facility, more multipurpose
hardware exists, particularly for combustion research. There are three combustion experiment vehicles
available. They contain combustion chambers with the following specifications:

. The general combustion vehicle shown in Figure 7 contains a 113 m3, 0.4 m internal diameter
hemispherical domed cylindrical pressure vessel. The vessel has a centerline length of 0.98 m
and a maximum working pressure of 13.6 atmosphere. This chamber has been utilized to support
investigations in pool fires, solid materials flammability, spacecraft fire safety, candle flames,
etc. This vehicle is adaptable to many investigations.

. The Gas Jet Diffusion Flame Experiment contains a hemispherical domed cylindrical pressure
vessel with an internal volume of 0.087 m 3. The pressure vessel has a 0.41 m internal diameter
and a centerline length of .71 m. The maximum working pressure of the vessel is 4 atmospheres.
An internal movable thermocouple and gas sampling probe rake is a part of the vessel
configuration. This vehicle is currently employed solely for gas-jet diffusion flame research.

3. The convection/combustion vehicle contains a horizontal cylindrical pressure vessel with a

centerline length of .91 m and a 0.31 m internal diameter. The maximum working pressure of the
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vessel is six atmospheres. Internal to the vessel is a .19 m square fan duct, .61 m long. The fan
duct is capable of providing flow velocities of 5 to 50 cm/sec at two atmospheres. A mechanical
translation device expands testing into the 0-5 cm/sec velocity range. The convection/combustion
vehicle should be adaptable to many investigations also.

All the above experiment vehicles provide high speed movie camera or video photography,
programmable controllers, batteries (nominal 28 VDC), a data acquisition system and essential
mechanical support systems such as valves and gas charging systems.

A number of combustion and fluids investigations have been conductedaboard the Learjet. Unlike the

drop tower facilities, there are currently no dedicated combustion experimental facilities available.
This is due to the fact that many of the programs on the Learjet have been development tests for
specific shuttle flight hardware. However, a multipurpose combustion experiment known as the
Spacecraft Fire Safety Experiment is currently being developed for use on the Learjet and the KC-135.
This hardware is being designed for the following investigations:

1. Extinguishment of established fires by addition of extinguishing agents.
2. Extinguishment of established fires by pressure reduction.
3. Measurement of flame spread rate on engineering materials in various oxidizing atmospheres.
4. Measurement of flame spread rate on engineering materials in flowing oxidizer streams.
5. Development and testing of space-based smoke/fire detection systems.
6. Development and testing of combustion diagnostics instrumentation,

The experimental hardware will consist of a domed cylindrical pressure vessel with a centerline length
of 74.3 cm and a diameter of 25.4 cm. The maximum working pressure of the chamber will be 3
atmospheres. The maximum oxidizing flow velocities will be 40 cm/s at 1 atmosphere and 20 cm/s at 3
atmospheres. Instrumentation for the chamber will include thermocouples, pressure transducers, video
and motion picture cameras, and mass flow controllers. Data acquisition and experiment control will be

handled by a personal computer. The combustion chamber will also be equipped with extra ports for
additional instrumentation or diagnostics equipment. This apparatus is scheduled for completion in
late October, 1992.

LeRC-developed KC-135 hardware to date has been quite experiment specific. The Gravitational
Influences on Flammability and Flamespread Test System (GIFFTS) is one of those experiments. The
sophisticated hardware supports a fundamental investigation into the combustion of thin solid fuels in
the presence of very low-speed concurrent airflows that are induced by buoyancy in various levels of

inertial acceleration, thereby simulating upward burning combustion behavior over a range of gravity
levels. This is the first project to UtiliZe a schlieren system in-a Yeduced-gravity_ environment. Data

obtained from this investigation includes motion picture imaging of the thermal field constituting the
flame in order to deduce its size, shape and propagation speed, local temperatures of the fuel in the
surrounding gases and three-axis measurements of the local accelerations. The hardware is mounted in
two racks and utilizes a gas bottle support rack necessary for the various atmospheric test conditions.
One rack can be fixed to the aircraft or free-floated. This rack is equipped with a test chamber with an
interior volume of 25 liters, a sample holder, the test specimen, up to 6 type K thermocouples, a
Kanthol alloy ignitor wire and an incandescent light bulb. The schlieren optical system which
consists of 30 optical elements, a light source, a miniature video camera, and video cassette recorder is
also a component of this main rack along with the system control and management computer, three-axis
accelerometer, pressure transducer, power supply box and batteries. The support rack, which supports
sample changeout and data storage functions, consists of a gas handling subsystem, sample storage,
video display and power supply and laptop computer. This experiment has been flown at "normal"
parabolic maneuvers in both a fixed and free-float mode, and at 1/6 g (lunar gravity) and 1/3 g
(Martian gravity) in only the fixed mode.
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Concludin_ Comments

Over the past 30 years the LeRC reduced gravity facilities have provided data which have

significantly advanced the understanding of low gravity processes and phenomena and enabled the
development of space-based technology. Research executed under low gravity conditions will continue
to grow through the era of space-based research in order to provide critical, economical pre-flight
scientific data and technology verification. Experiments are destined to grow in complexity,
particularly in the area of diagnostics.

,
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2.2 Second Drop Tower: Characteristics and Capabilities

Operational poran_6ters

- Low gravity duration : 2.2 seconds (free fall: normal atmosphere with drag shield system)
Gravitational acceleration : ~ 10-5g

- Deceleration levels : 40 to 100 g's for several milliseconds (< 40 g's with shock absorption
system)

Experiment Envelope Summary.
Drop Frame "standard" (aluminum bus for mounting hardware)
- width (depth): 40cm
- length: 9icm
- height: 81 to 102 cm
- dimensions identified are maximum
- variations of standard frame are feasible

Experiment hardware weight: 140 kg (maximum)

Experiment Instrumentation/Data Acquisition Capabilities
- High speed movie cameras - Thermocouples
- Video cameras (fiber optic link to recorder) - Pressure transducers
- Battery packs (110VAC feasible) - Flow meters
- Data acquisition and control system - Lasers

Mode of Operation
- Engineering support for consultation
- Technical staff to support electronics and mechanical integration and maintenance

Technician and investigator perform drops
- Twelve drops per day (minimum of two drops per day per investigator)
- Safety review required

Additional Features

- Compressed gas (fuels, oxidant, and diluents)
- Limited community tool supply

Film motion analyzer

storage, handling, and delivery support available

NASA contacts:

Jack Lekan: (216) 433-3459
Mike Johnston: (216) 433-5002

L

m
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Table 2.

Zero-Gravity Research Facility: Characteristics and Capabilities

Operational Parameters
- Low gravity duration:

Gravitational Acceleration:
- Deceleration levels:

5.18 seconds (free fall: evacuated chamber @ 10-2 Torr)

<10-5 g
up to 65 g's for several milliseconds (mean: 35 g)

Experiment Envelope Summary.

- Cylindrical experiment vehicle
- diameter: 1 m

- total height: 3.4 m
- paylod height:l m
- payload weight:, up to 455 kg
- cold gas thrust system available for:

0.003 g to 0.015 g*

Rectangular Experiment Vehicle*
LxWxH:

payload envelope L x W xH:
- payload weight:
- cold gas thrust system available for:

0.003g to 0.037g (positive);
0.013 g to 0.070 g (negative)

15mx0.5mx 1.5 m
0.61 m x 0.40 m x 0.45 m

up to 69 kg

Experiment In_strcmentation/Data Acquisition Capabilities
Telemetry: 18 channels of continuous data telemetered from experiment (standard IRIG FM/FM,
frequency range: 6 to 10000 cps, and overall system accuracy of 2% to 3%)

High speed movie cameras
Video cameras

Battery packs
Data acquisition and control system
Closed-circuit television system
Thermocouples
Pressure transducers
Flow meters
Lasers

Mode of Operotion
Engineering staff to support design, build-up and testing
Facility engineering staff perform drops
One to two drops per day
Safety review required

Additional Features

Compressed gas (fuels, oxidant, and diluents) storage, handling, and delivery support available
Film motion analyzer
Class 10000 clean room

NASA contact:

Ray Sotos: (216) 433-5485

* These options are not currently in use, but could be made available to satisfy specific requirements.
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Table 3.

Learjet: Characteristics and Capabilities

Operational Parameters

Low gravity duration:
Gravitational acceleration:

Number of trajectories per flight:

Maximum power:

18 to 22 seconds (parabolic trajectory)

10-2 g (1/20 to 3/4 normal gravity levels possible)

6 (maximum at 10-2 g)

28 VDC, 80 amps

110 VAC, 60Hz, 7.5 amps

110 VAC, 400Hz, 18.3 amps ....

Experiment Envelope Summary

NASA-provided racks

length: 60.9 cm
width: 52.7 cm

height: 90.8 cm

stress limits: weight: 85.27 kg, total moment: 369.23 Nm

Cabin length: 1.85m

Experiment Ins_umentation/Data Acq_,lisition Capabilities

- Three-axis accelerometer system

- LeRC-approved instrumentation provided by the investigator

High speed movie cameras

- Data acquisition and control system

Mode of Operation

- Engineering staff to support design and integration of hardware

- Flight-qualified investigators conduct in-flight experiments

training required)

Two flights per day are possible

Safety review required

(flight physical and physiological

Additional Features

- LeRC personnel available to fly with payload

- Accommodations for Get Away Special Cannister experiments

=_r

_2

NASA contact

Eric Neumann: (216) 433-2608
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Table 4.

Examples of Investigations Performed in Ground-Based Facilities

Drop
Investigation Tower

Laminar Gas Jet Diffusion Flames

Droplet Combustion - Pure Fuels at
Low and Ambient Pressures

Laminar and Turbulent Flames at •

Microgravity

Flame. Spread over Solids in °
Quiescent -Environments

Fundamental Study of Smoldering °
Combustion in Microgravity

Ignition and Flame Spread over °
Liquid Fuels

Candle Flames in Microgravity

Interface Dynamics °

Vibration Isolation Technology
Development

High Pressure Combustion of
Binary-Fuel Droplets

Studies of Flame Structure in •

Microgravity

Combustion of Solid Fuel in Very Low •
Speed Oxygen Streams

Flame Spread over Thin Solid Fuels in °
Quiescent and Slow, Opposed Flow
Environments

Burke-Schumann Diffusion Flames

Capillary Flow

Multiphase Flow

Experiments in Low-G Fire Suppression
and Extinguishment Effectiveness

Solidification Phase Change

Cryogen Nitrogen Transfer

Pool Boiling

Zero-G

Facility Learjet
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Figure 3.-2.2 Second Drop Tower package (Com-

bustion Diagnostics Laser Rig).
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Figure 4.-Drop Tower experiment package drag

shield assembly.

Figure 5.-Cutaway rendering of the LeRC Zero-
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Facility.
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Figure 7.-Test section of cylindrical experiment

vehicle outfitted with a multipurpose combustion
chamber.
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Figure 8.-LeRC Learjet cabin with experiment hardware.

m

Figure 9.-JSC KC-135 cabin with multiple

experiments.
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Figure 10.-Free-float experiment aboard the JSC
KC-135.
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IN MICROGRAVITY
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I. Introduction

A significant scientific return from both existing and proposed microgravity combustion science experiments is
substantially dependent on the availability of diagnostic systems for the collection of the required scientific data.

To date, the available diagnostic instrumentation has consisted primarily of conventional photographic media and
in_'usive temperature and velocity probes, such as thermocouples and hot wire anemometers. This situation has

arisen primarily due to the unique and severe operational constraints inherent in reduced gravity experimentation.
Each of the various reduced gravity facilities is accompanied by its own peculiar envelope of capabilities and

constraints. Drop towers, for example, pose strict limitations on available working volume and power, as well as
autonomy of operation. In contrast, hardware developed for space flight applications cart be somewhat less
constrained in regards to the aforementioned quantities, but is additionally concerned with numerous issues involving
safety and reliability.

The Microgravity Combustion Diagnostics (MCD) group exists to provide diagnostic systems of greater
sophistication. The group is located within the Microgravity Combustion Science Branch at NASA-Lewis Research

Center, and is funded by NASA Headquarters through the Advanced Technology Development Program. Collocation
within this branch helps to assure that the focus of the development efforts are consistent with the scientific
objectives of both in-house and sponsored investigators. Although the laboratory staff is frequently involved with

the design of diagnostic systems for flight project applications, the MCD program operates on an independent basis,
and is not responsible for the design of hardware critical to the development schedule of the space flight projects.

The personnel presently supporting this area represent the disciplines of instrumentation and optical systems design,
spectroscopy, and computer science.

For a variety of reasons, predominant emphasis has been placed on the development of optical diagnostic techniques.
Principal among these is the relative fragility of reduced gravity combustion phenomena as compared to their 1-g

counterparts. The action of buoyancy induced convection is vigorous compared to the dominant mechanisms
affecting reduced gravity combustion, such as thermal and concentration driven diffusion. The essentially
nonperturbative nature of optical measurement techniques is, therefore, well suited to this application. In addition,

optical techniques are, in general, amenable to the acquisition of multi-dimensional data fields (i.e. imaging). This
is an important consideration in the present state of microgravity combustion science, since a clearer understanding
of basic phenomenology, including the verification of fundamental length and time scales and dominating physical

mechanisms is still being developed. The ability to simultaneously acquire multi-dimensional data is also an
important consideration in the conduct of reduced gravity experimental investigations, since many of the facilities

(e.g. drop towers and aircraft) provide periods of only limited duration. Space-borne payloads, in contrast, can
provide longer operating times, but are restrictive in terms of repeated access to the investigator, in the amount of

power and expendables that may be consumed, and in the total amount of combustion products that can be generated
and released into the air.

The process of developing diagnostic systems appropriate for microgravity combustion research does not end in the
lg laboratory. There are a number of reasons why this should be the case, the most significant of which is the
differing behavior exhibited by most combustion phenomena under reduced gravity conditions. This is most easily

seen in the example of qualitative imaging techniques. In one such example, results indicating an apparent threshold
for ignition were later revealed to be an actual threshold in sensitivity of the imaging device under consideration.

Differences in mixing and transport phenomena impact overall temperature distributions, population yields of
individual species, and resulting temporal and spatial scales. Attempts to duplicate all or part of these observations

in the laboratory using such tactics as reduced pressures or varying oxygen concentrations have been marginally
successful at best. Thus, the true figure of merit for a given technique requires, it, the majority of cases, the
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transition from the laboratory into one of the various reduced gravity facilities. This transition Unfortunately carries

with it complications of its own. The MCD group at LeRC, for example, attempts to initially deploy hardware in

the drop tower facilities whenever possible. This decision is affected primarily by reasons of timely access, rapid

. turnaround, and cost. Utilization of this particular facility, however, carries with it many of its own peculiarities that
__ are completely removed from where the instrument may ultimately reside. The available working volume and

.... electrical power, in addition to the severe shock loads that occur at the termination of the drop, are among the most

difficult constraints that can be encountered. These constraints would not be as significant an issue in the design

of a space borne instrument, but result from the decision to pursue the course of development in this specific facility.

The specific experimental parameters of concern are similar to those of interest in terrestrial combustion science

laboratories. It is most often desirable to precede detailed and precise quantitative measurements with qualitative

flow visualization methods. This provides the investigator with a global picture of the complete process, and serves

to guide or refine the specific requirements for the quantitative measurements that are to follow. For this purpose,

the MCD group has utilized conventional photographic media, conventional and intensified solid-state imaging

devices, ultraviolet and infrared sensitive solid-state devices, reactive seeding methods, and schlieren imaging. The

quantitative determination of temperature, species concentration, and velocity fields comprises a significant portion

of the diagnostic development efforts. The characterization of droplets and particles are also represented. As will

be discussed, the particular constraints associated with reduced gravity experimentation motivate approaches that are

often unique to these applications. Recent advances in solid-state laser and detector technologies, however, are

rapidly changing, and are placing us in a position more closely resembling those in progress in industrial and
academic research laboratories.

II. Physical Constraints

Each of the venues available to the reduced gravity experiment investigator is accompanied by its own unique

collection of physical and operational constraints and available utilities. [1] It should be noted, however, that a

concern for diagnostic amenities is most often not a major factor in the determination of the appropriate vehicle for
any given experiment. The dominant emphasis is justifiably placed on the accommodation of the combustion

phenomenon itself, involving factors such as duration, required g-levels, attendant expertise, storage of consumables,

thermal and combustion product generation, and safety. While the specifics concerning the avaihable power, volume,

etc, of the various reduced gravity facilities have been discussed in the preceding presentations, a number of
additional observations are in order.

While affording the most ready access to reduced gravity experimentation, drop towers are unquestionably the most
challenging of the facilities in regards to the constraints that they present. Particularly in the case of the 2.2 second

facility, the available working volume and electrical power are severely limited. The 5.18 second facility is

somewhat more generous, but still limited in comparison with aircraft facilities. The latter has the added

complication of being operated under vacuum conditions. An example of the problems that this can create is seen

in the behavior of some photographic films, which become brittle and can shatter upon impact. Pressurized

experiment canisters have been constructed, but are an additional inconvenience to ope_te an d maintain. Drop
towers do not permit tended operation of the package, and are problematic due to impact loading during deceleration.

This brings to bear questions not only of survivability of individual components, but of inordinate optical diagnostic

realignment requirements subsequent to each test. The MCD group has successfully demonstrated a system for the
reduction of deceleration loads. This system is consistently yielding impact accelerations of only 30 to 40 g's, and

appears capable of considerable improvement below this level. The free travel required bY this system, however,

creates the need for a certain amount of free volume. This represents a substantial tax against an already restrictive
condition.

Tethers in the drop tower facilities have been used for purposes of data and power transmission. A multi-mode fiber

optic system now used routinely offers video-based image transmission. The 100 micron fiber and its protective

sheath have negligible effect on the trajectory of the roughly 500 kilogram package/drag shield assembly. This

system facilitates real-time viewing of the experiment package, both prior to and during the drop, and also permits

the use of off-line analog and digital storage capabilities. A 110 VAC tether has also been employed for power

transmission. The substantially larger cable size has proven to be somewhat unwieldy and is seldom used. A near-
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IR diode absorption spectrometer presently being consmacted under contract by Southwest Sciences, Inc. will be

completely coupled via fiber optic tether, and will have one multi-mode transmission fiber and eight distinct single-

mode detection fibers. This tethering not only isolates sources and detectors from impact loads, but permits power

supplies, signal conditioning, and data logging electronics to be remotely located, thereby freeing up valuable power

and volume on the package itself. The transmission of substantial amounts of laser power, particularly in pulsed

laser applications, through the required lengths of fiber is still somewhat impractical. Several schemes have been

proposed for relaying higher laser powers to the experiment package by allowing an expanded beam to freely

propagate through space. Due to the essentially straight trajectory of the package, some schemes appear tractable,
but have as yet not been implemented.

Reduced gravity aircraft are in some ways the most forgiving from the standpoint of diagnostic systems. Available

utilities and working volume are considerably more generous in comparison to the drop tower facilities. Although

the hardware must be capable of withstanding 9-g loads (as required by flight safety), this is modest relative to the

drop towers. The possibility of tended operation is also a distinct advantage. While safety related flight-worthiness

reviews are mandated, they do not approach the rigor encountered in space flight reviews. The primary pitfall

associated with the reduced gravity aircraft is the relatively poor g-levels that are available. This fact alone presents
an untenable situation for many investigators. Nonetheless, aircraft remain excellent platforms for the demonstration

and trouble shooting of diagnostic instrumentation. Some tests aimed at attaining lower residual g-levels by free

floating experiment packages within the aircraft have been conducted. This scenario results in significantly shorter

run times, and power and data lines must be replaced with tethers, similar to those described above.

Although sounding rockets have not yet been used by our group, they are under consideration as a carrier for several

experiments. From the standpoint of physical constraints, sounding rockets form an intermediary between drop

towers and reduced gravity aircraft. Provisions for power and working volume are comparable to those in the 5.18

see facility, although the geometry of the payload package is somewhat peculiar (long and narrow). While launch

loads are considerably less than the impacts encountered in the towers, experiment hardware is subject to pre-flight
vibration testing of 50g each axis, over a 20 to 2000 Hz bandwidth. Bi-directional telemetry is available, permitting

a limited degree of opportunity for command and control functions

Actual space flight applications carry with them their own unique issues. As discussed in detail elsewhere, available
volume and utilities vary significantly, depending on the specific carrier and location under consideration. Operations

are tended, but it must be kept in mind that one is always operating through the "eyes, ears, and hands" of the flight

crew. As capable as they are, thcre is always a reasonable limit to the degree of expertise that can be expected.

They will never be as intimate with every facet of a given instrument as are those who developed it. Unquestionably

the most significant issue for experimenters that is encountered in inhabited spacecraft activities is that of proof of

safety under worst case assumptions. The resulting constraints placed on allowable materials, configurations, and

procedures can be extremely restrictive. Creativity and perseverance on the part of the payload developer are

ultimately balanced by the forces of time and cost.

Ill. Techniques Under Development

The MCD group has tried to provide nominal coverage of all of the experimental parameters demanded by the

current microgravity investigators, Initial priority has been given to qualitative visualization methods, followed by

temperature, species concentration, and velocity measurements. Particle (i.e. soot) and droplet measurements are a

more recent addition. Prioritization within each area is influenced to a degree by the schedules of both ground-based

and flight projects under development. While our group does not have direct involvement in producing flight-worthy

systems, acknowledgement must be given to the issues that will ultimately be involved, such as available power and

mechanical stability requirements. The following paragraphs provide brief summaries in each of these areas.

Advanced techniques being employed for qualitative visualization include intensified solid-state imaging arrays

(including the use of band-filters), infrared imaging, reactive seeding, and Rainbow Schlieren imaging. Microchannel

plate image intensifiers provide a net photon gain on the order of 10', and have demonstrated adequate sensitivity

for all of the processes that have been encountered to date, which includes dilute premixed gas combustion, low

pressure gas jet diffusion flames, low pressure droplet combustion, and solid fuels under quiescent conditions. In
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the case of dilute premixed hydrogen combustion, [2] prior experiments required the use of halon dopants to render

them visible. The addition of extraneous chemicals was a matter for concern, particularly as near-limit phenomena

were being investigated. The gain afforded by these devices allows the use of narrow bandwidth spectral falters,

either to isolate particular emission bands such as that from CH radicals, or to mask the influence of extraneous
emissions, such as soot radiation. Photocathodes sensitive in both the visible spectrum and in the UV are being

utilized. These devices have been employed on both of the reduced-gravity aircraft, [2,3] but have not yet been
deployed in the drop towers. Data on the performance of the impact isolation system mentioned above is

encouraging, and will most likely result in the deployment of intensified arrays in drop tower facilities in the near

future. These arrays are also slated for inclusion in several flight projects presently under development.

A platinum silicide array has recently been obtained for imaging applications in the near to mid-IR. Suitable

sensitivity has been demonstrated in the laboratory to visualize extremely weak flames, even in the presence of

narrow bandwidth IR filters. This opens the possibilities for performing two-dimensional temperature field

measurements of known emissivity radiators, such as soot or grids of thin (15 micron) ceramic fibers suspended in

the flame. These types of fibers are already being utilized in the LeRC 2.2 sec drop tower for the qualitative

assessment of temperature distributions in droplets and gas jet diffusion flames. Radiative thermometry can be

accomplished by digitizing the output of the array and fitting the response as measured to the Planck distribution

function. Point and line measurements of this type have been widely reported; [4] the extension to two-dimensions

appears reasonably straightforwardl

A more complex characterization of the IR emission spectrum may enable, in certain cases, the determination of

major product species concentrations and temperatures. For simple fuels, resolving the spectrum through an

appropriate series of bandpass filters may be sufficient, whereas more complex systems may require a more elaborate

approach, such as imaging FTIR. A predictive code [5] is presently being utilized to calculate IR spectra for selected

flames. The objective is to invert the procedure: the measured emission spectra serving as the input for the

calculation of the emitting species and their temperatures.

Rainbow schlieren [6] imaging is also being utilized as a visualization method. Through the use of a continuous

color-based filtering scheme, gradients in the refractive index field appear as variations in color. The eye is quite
sensitive to these variations in color, much more so than to the grey scale variations provided by conventional knife-

edge methods. In addition, the multi-colored images that result are more readily interpreted than the fringe shifts

provided by interferometric methods. Several compact optical systems have been designed and constructed, [7]

providing the capability for using this method in the drop towers and aboard the reduced gravity aircraft. A method

for quantifying the resulting ray deflections has been developed, providing the ability to determine refractive index

distributions with a measurement sensitivity comparable to interferometric methods. [8] The resulting instrument

is far simpler and mechanically robust than phase sensitive interferometers, and more readily adapted to large fields-
of-view.

The MCD group is also providing capabilities to support the acquisition, manipulation, and display of image based

data. [9] A dedicated PC-based workstation is available for image processing and analysis, as well as for hardware

and software development. Amenities are available for image transfer and archiving among various formats,

including 16 mm motion picture film, still photography, and direct digital imaging. Network access has been

established, linking this facility to the diagnostics laboratory, photographic laboratory, computer services laboratory,
and a variety of PC and Unix workstations serving individual users. A number of analysis routines have been

developed, including automated feature tracking and color characterization.

An effort has been initiated very recently to perform two-dimensional (i.e. planar) laser-based temperature and

species concentration measurements. The specific techniques under development include molecular Rayleigh

scattering, laser-induced fluorescence, and degenerate four-wave mixing. Techniques of this type were not initially

included in the scope of the MCD program due to the impracticality associated with the requisite laser sources.

Rapid advances in solid-state laser technology have significantly impacted this situation, bringing about the

availability of tuneable, pulsed lasers that can be credibly utilized in the reduced gravity facilities. A development

contract is presently being negotiated for a pulsed, line-narrowed Nd:YAGFFi:A1,O, laser with the capability for

frequency doubling, tripling, and mixing to access a number of species of interest. This laser is intended to be
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compatiblewiththeconstraintsof thereduced gravity aircraft. Several strategies for beam delivery in the drop

towers have been proposed, but are not presently scheduled for implementation.

An alternate technique for species concentration and temperature measurements via absorption spectroscopy is also

in progress. This system is being developed by Southwest Sciences, Inc., and utilizes high frequency FM modulation

and detection to obtain high sensitivity using inexpensive, near-IR laser diode sources. In the initial configuration,
a 1.31 micron diode laser will be utilized to detect absolute concentrations of methane and water vapor, as well as

the temperature of the latter. The use of high frequency modulation techniques results in shot-noise limited detection,

providing a minimal detectable fractional absorbance of 3 x 10". Fiber optic coupling will allow the system to be

used in the drop towers; one multi-mode fiber will be employed for transmission, and eight separate single-mode

fibers for detection. This multi-channel arrangement will enable the inversion of axisymmetric distributions from

line-of-sight data by tomography. Through the substitution of appropriate source and detector combinations

numerous other species can be accessed, including CO, CO,, O,, OH, NH,, and NO,.

Two techniques are being developed for velocity field measurements: particle image velocimetry (PIV) and laser

doppler velocimetry (LDV). Both require the addition of seed material to the flow to serve as scattering centers.

The specific PIV method being employed has been developed by the Optical Measurement Systems Branch of the

Instrumentation and Control Technology Division at LeRC, and employs direct recording from video-based image

sensors (as opposed to the utilization of an intermediary photographic recording). [10] This method has been

successfully used in several liquid phase studies, including the recent Hight of the Surface Tension Driven Convection

Experiment aboard STS-50. It has also been demonstrated in high speed gas phase flows. [11] An extremely

compact pulsed Nd:YAG laser is presently being constructed to provide the capability for performing these

measurements aboard the reduced gravity aircraft. Lower velocity liquid-phase flow measurements can be performed

using relatively low-power laser sources, and are scheduled to be performed in the 2.2 sec drop tower within the

coming year. A compact laser doppler velocimeter is also under construction, [12] and utilizes a temperature

stabilized laser- diode source operating at 780 nanometers and a solid-state avalanche silicon photodiode detector.

The complete unit measures 65 mm in diameter and 175 mm in length, and is quite rugged. Laboratory experiments

are presendy being configured using two similar units obtained on loan from the Department of the Navy. An effort

is also in progress in the design of a compact and robust signal processor. [131

Measurement techniques applicable to the study of particles (i.e. soot) are also under development. Soot size

distributions measurements are being performed both in the laboratory and in the 2.2 sec drop tower using a

pneumatically actuated thermophoretic sampling probe. [14] Small transmission electron microscopy (TEM) grids

are rapidly inserted into the flame to collect soot and then withdrawn. TEM images are then analyzed to provide

information regarding the primary particles as well as the aggregated clusters. Size distribution measurements via

multi-angle light scattering have been performed in the laboratory, but are not presently scheduled for reduced gravity

implementation due to the relatively long integration times that are required. In addition, scattering measurements

do not provide information regarding the primary particles directly. The probe measurements are complemented by
light attenuation measurements to provide mass fraction and number density. This measurement is being

implemented in an imaging configuration, wherein threshold sensitivity is exchanged for overall spatial yield. This

is a reasonable tradeoff for the present measurements being performed in the 2.2 sec drop tower, where the limited

duration of the experiments do not facilitate point-by-point scanning of the soot field.

The vaporization of isolated fuel droplets is being investigated through the application of exciplex fluorescence. [15]

The addition of particular dopants permits the formation of liquid phase complexes which exhibit fluorescence at

longer wavelengths relative to the monomer state of the dopant material. In addition to providing the ability to

distinguish between liquid and vapor phase concentrations, thermometry can be performed from the ratio of these

temperature dependent fluorescent intensities. A complementary study is being conducted under contract by United
Technologies Research Center [16] for the measurement of flow fields both internal to the droplet and in the

surrounding gas-phase. In addition to exciplex fluorescence, the techniques of planar laser-induced fluorescence, gas-

phase flow tagging, and particle image velocimetry will be investigated.

A summary of the overall program in diagnostics development can be found in Table 2 of Reference 17. Shown

along with each particular method under development is the present status, as well as the currently envisioned plans
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for incorporation in the various reduced gravity facilities. It should be emphasized that the list of activities

undertaken by the MCD group and its associated contractors has a certain flexibility. The results of ongoing

investigations, as well as new areas of interest advocated by the scientific community will continue to expand and

refine the complement of diagnostic capabilities that are available.
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Several concerns motivate fundamental combustion research: combustion-generated pollutants arc
re-emerging as a major problem, new combustion technologies are needed for effective energy
utilization, municipal and hazardous waste incineration are needed to replace landf'dls and storage,
new combustion technologies arc needed for advanced aircraft and spacecraft propulsion systems,
and current understanding of rims and explosion hazards is limited -- particularly for space-craft
environments. Thus, it is of interest to determine how experimentation using microgravity
facilities can advance research relevant to these problems.

Effects of buoyancy have had an enormous negative impact on the rational development of
combustion science. Thus, mierogravity (gg) offers a potential breakthrough in combustion
research capabilities that could be comparable to the impact of laser diagnostics and numerical
computations in recent years. On the other hand, human operations in spacecraft involve f'ure-
safety issues at gg that largely are unexplored. Thus, gg offers both unusual opportunities and
unusual challenges to combustion science. The objectives of this paper are to highlight the
intrusion of buoyancy on fundamental combustion studies, the current priorities of microgravity
combustion program and the goals of this workshop. The present discussion is brief, see several
recent reviews of aspects of _tg combustion research for more details [ 1-6].

Intrusion of Buoyancy

The intrusion of buoyancy is a greater impediment to combustion than most other areas of science
because density changes caused by chemical reaction initiate buoyant flows that vastly complicate
both the execution and interpretation of measurements. Thus, the presence of gravity prevents
some fundamental phenomena -- most laminar one-dimensional premixed and diffusion flames,
low Reynolds number heterogeneous flames, flame spread in dispersed heterogeneous media, etc.

from being observed at all. Perversely , problems of buoyancy are greatest for fundamental

laboratory experiments where good temporal and spatial resolution are needed; few practical
combustion phenomena are dominated by effects of buoyancy.

The limitations of buoyancy on combustion studies have been quantified using phenomenological
theories [4-6]. For example, for effects of buoyancy to be small in a motionless combustion
environment at atmospheric pressure, the dimensions of the flame should be no larger than 100

I.tm; unfortunately, it is not possible to resolve experiments on such scales using either existing or
anticipated combustion apparatus and instrumentation [4-6]. Experiments at subatmospheric
pressures can increase allowable flame sizes, and this has been exploited in the past, however, the

available range is limited due to low reaction rates leading to extinction at low pressures, see [6]
and references cited therein.

67



Experiments in the presence of flow velocities offer a way of circumventing buoyancy effects,
however, relatively large velocities must be used causing spatial resolution problems similar to
those just discussed, and problems with approaching limiting conditions where either combustion
rates or flow velocities are small. Thus, for effects of buoyancy to be small for premixed flames,

at atmospheric pressure, laminar flame Sly_eds should be greater than 1 m/s [4-6]. This prevents
approaching flammability limits without effects of buoyant motion, which is problematical because
premixed flames are unusually responsive to stretch induced by gas motion near limits [7].
Similarly, nonpremixed flames should have characteristic Reynolds numbers of 100 or more to
avoid effects of buoyancy at atmospheric pressure [4-6]. This prevents approach to the low

Reynolds number Stokes flow regime that has been invaluable for understanding fluid mechanics.

The effect of buoyancy is so ubiquitous that we generally do not appreciate the enormous negative

impact that it has had on the rational development of combustion science. For example, asidefrom
limited exploratory work at I.tg conditions, we have never observed the most fundamental
processes of combustion without substantial disturbances of buoyancy. This includes simple one-
dimensional configurations and low Reynolds number flows that have been jnyaluable in other
areas of science. Thus, buoyancy prevents the rational merging of theory, where buoyancy

frequently is of little interest, and experiments, which always are contaminated by effects of
buoyancy at normal gravity (ng).

Turbulent flames, one of the most important unresolved problems of combustion science, provides

a graphic example of how buoyancy impedes the parallel development of theory and experiment.
Three-dimensional time-dependent numerical simulations provide a rational way to study some

phenomena of turbulence but the calculations only will be tractable at low Reynolds numbers for
some time to come [8]. Unfortunately, such conditions cannot be duplica_ in the laboratory at ng
because buoyancy immediately accelerates any low-speed initial condition into a high Reynolds
number flow. Similar problems abound for other important combustion problems, e.g., me
combustion of sprays and particles due to problems of phase separation, etc. With no massive
breakthrough in computer technology in the offing, combustion experiments at I.tg offer the most
promising approach toward resolving this theoretical/experimental dichotomy of combustion
Science.

Soacecraft Fire Safety

zz : ..... _: .......

The same features that make _g attractive for fundamental combustion experiments introduce

hazards of fires and explosions that have no counterpart on e_. The main concern is that
virtually all existing information concerning design procedures to control fires and explosions is
based on experience at ng. Even current qualification procedures for materials used in space
involve tests at ng, justified by rather limited measurements at I.tg [3]. Since we know that
combustion processes are very different at ng and _tg, there is little basis for confidence that this

practice is correct. Additionally, excessive caution to reflect our poor understanding of i.tg fire
environments can unduly resu'ict our capabilities for exploiting space [3].

Addressing spacecraft fire safety concerns at I,tg will require a substantial research effort.
Curiously, an alternative that could eliminate many of these concerns has not received much
attention. This involves the use of fa'e-safe atmospheres in spacecraft, similar to the methods used

to avoid fires in undersea systems [9]. This potential exists because fire-related phenomena tend to
be functions of the fractional amount of oxygen in the atmosphere while human comfort and

performance mainly depend on the absolute amount of oxygen in the atmosphere. Thus, it may be
possible to find a composition for spacecraft atmospheres that will not support combustion but will
support normal human activities indefinitely. However, available information concerning tn'e-saxe
atmospheres -- combustion properties at I,tg, the performance and health of humans and other
biological systems, and potential impacts on spacecraft design and operation -- are woefully
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inadequatein viewof the importanceof this selection. Thus, fire-safe atmospheres appear to merit
a broad-based interdisciplinary research program due to their potential impact on future human
activities in space.

Current Priorities for Micro_m'avit3, Combustion Research

An objective of this workshop is to identify priority areas within combustion science where
microgravity-based investigations are needed. Based on the results of the First International
Micmgravity Combustion Workshop, the Discipline Working Group (DWG) that advises NASA
in the area of microgravity combustion science has set the following priorities: (1) turbulent
reacting flows; (2) heterogeneous combustion such as droplets, particles, slurries, solid fuels and
pools of liquid fuels; and (3) laminar homogeneous combustion phenomena such as ignition,
flameholding, flammability limits, flame instabilities, and diffusion flames. Prioritization also was

made with respect to applications, with spacecraft fire safety selected as the single most important
application area.

The current microgravity combustion science program only reflects these priorities with respect to
relevance to spacecraft fire safety, with the bulk of the work associated with heterogeneous
combustion. This status is summarized in Table 1. In this table, flight studies denote
investigations that are candidates for expenmentation in space. Other studies either use ground-
based _tg facilities, such as drop towers and aircraft flying parabolic trajectories, or are theoretical
studies. The relatively few studies of turbulent combustion is surprising in view of the current
high priority of this area. In contrast, seven flight studies and 18 total studies are related to
spacecraft f'lre safety, implying a strong response to this priority area following the last NASA
Research Announcement (NRA) in 1989.

Table 1 Current Microgravity Combustion Science Program

Priority Area Flight Total
Studies Studies

1 Turbulent Reacting Flows i 3
2 Heterogeneous Combustion 7 19
3 Laminar Homogeneous Flames 2 6

Goals for Workshop Discussion,s

As the microgravity combustion science program develops both the priorities and the focus of the
research program will change. Thus, an objective of the workshop is to highlight areas where
changes should be encouraged. Some questions that might be addressed during the discussions
are as follows:

1. ,are the areas and priorities selected by the DWG appropriate?

2. Are there new areas, e.g., combustion synthesis, metal combustion, etc., that merit emphasis
in the next NRA?

° What should be done to improve the content and balance of the flight and ground-based
programs, and of experimental and theoretical programs?
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4.

.

Should a major interdisciplinary research program on spacecraft flu-e-safe atmospheres be
recommended and what should be the combustion component of any such program?

Does the present program adequately address fundamental research issues relevant to
spacecraft fire safety?

Funding is competitive within the microgravity combustion science program, and perhaps more
importantly, between this program and other research areas of interest to NASA and other
government agencies. Thus, an active highSqu_ty_rnicrb_av_t-combusti0n science program is

required to assure continuing funding levels -- much less increases. This workshop is one step in
developing such a program; therefore, lively and productive discussions here will be a valuable
service to the field of combustion.
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COMMENTS

Question (Takashi Kashiwagi, NIST): (1) I am not sure that a flame-limited, atmospheric appr_;_dl removes

fire problems in a spacecraft entirch'. Smoldering under certain conditions, such as xvcll insulat_'d and

preheated cases, can continue even in several percent of O,. It seems to mc as long as there is mzmncd

flight there are fire safety issues.

(2) I should like to see clearly defined policy in which the combustion research areas rel:aed Io life research

could be considered in Microgravity Science Program.

Answer: Fire-safe almospheres to eliminate conventional unwanted fires would rcprescn_ a subsl:_vllial

improvement of fire safety in spacecraft. Whether this can bc achieved, and the conditi_ms nccdcd to

prevent smoldering in mierogravity, arc open issucs at this time that clearly merit further study. Your second

comment relates to NASA policy issues, however; my understanding is th,tl relationship td' xlutlic_ in the
microgravily combustion program io spacecraft fire safety is a strtmg p_fint in establishing the relevance of
the research.

Queslion (Fred Dryer, Princeton Linivcrsily): My comment deals wilh pri_ritizalkm _,1 microgrzwify science

to practical fire sal'ctv problems. Fire safety standards regarding the pcrmis._iblc ct_ncemratit_n_, ,_t Ilammablc

gases and liquids are Iypically referred 1o al_tlul 10'5_ of lhc lean limit, a viduc whith _tpl_arcnlly _]ll change
little from absence or presence of gravily. This does not mean that the science of fl_hmmabilhv limits is nol

important It) understand, only Ihat its outcome may have little impact in the fire s,d'ctv arena. C)n the other

hand, limiting oxygen index apparently changes bv as much as a faclor of 2, an abso[ulc change t,l" substantial

consequence to defining (fire) inert atmospheres. Finally, on Earth there is no experience _vith the

flammability characteristics of wide-range polydispcrse aerosols, a likely aerosol character in microgravily
conditions.

In addition to the smoldering problem (which must bc materials-conlr_dlcd and studied). Ihc lalt_'r tw¢_ areas

of microgravity combustion scicncc 'x_uld appear to mc to bc much higher prit_rily than Ilmnm,d_ilitv limits.

Answer: My reference to ilammabililv limits, in connection with fire-safe almos[_hcrcs, was meam h_ Ive

gcncrie and no! rclated to a specific criterion like the lean tlammal)ilitv limil or the limiting oxv-,_.'n index.

Your p_int is well taken lhat the crilcria to be used will inllucncc the dcfinitkm t_l-fire-safe alm_v_phercs.

Clcarlv. the rcscarch issues in this area must involve both the nature and criteria for flrc-safe alin_sl_heres.

()ucslion (A. (;t)mcz. Yale UnivcrsiL.v): ()_c of the idcnlilicd primarily areas is that _1 ImtqJlcn! rt';_cting

Ilows. Would vou agree that before this research arc) can bcnclit Irc_m microgravity CXl_crin)cnlalion , wc

,daould wait for substantial improvement on available diagnoslic tcchldqUcs?

A____3swer:No, I see no reason to wait for improved diagnostics in c_rdcr to address prc_l_lcms t_l turbulent

reacting flows. First of all, available instrumentation at this point is CClUiVa[cnt to methods I.ISCt[ IO develop

much of our understanding of turbulent flames. Next, the environment ilsclf, which allows turhulcnt-likc

flame processes to proceed at much smaller velocities than on Earth, provides new polcntia] for t_mvenlional

experimental methods. Finally, I hesitate to exclude the possibility of some new approach being developed

from available technology.
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FULLERENES FORMATION IN FLAMES

Jack B. Howard
Department of Chemical Engineering

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

N93-20187

Introduction

Fullerenes are composed of carbon atoms arranged in approximately spherical or

ellipsoidal cages resembling the geodesic domes designed by Buckminster Fuller, after

whom the molecules were namedL The approximately spherical fullerene, which

resembles a soccer ball and contains sixty carbon atoms (C60), is called

buckminsterfuUerene. The fullerene containing seventy carbon atoms (C70) is

approximately ellipsoidal, similar to a rugby ball. Fullerenes were first detected in 1985,

in carbon vapor produced by laser evaporation of graphite 1. The closed shell structure,

which has no edge atoms vulnerable to reaction, was proposed to explain the observed

high stability of certain carbon clusters relative to that of others at high temperatures

and in the presence of an oxidizing gas.

The proposed structure remained unconfirmed tmtil 1990, when samples large

enough for spectroscopy were produced by vaporization of graphite rods with resistive

heating under inert atmosphere 2. This method was quickly adopted in several research

groups 3-s and in small new companies. Fullerene samples soon became available, and

the pace of research accelerated to an intense level. The interest rapidly expanded to

include a still growing list of molecular and crystalline properties of fullerenes, as well

as fullerenes with metals and other elements inside the cages, and fullerenes with

hydrogen, oxygen, methyl, methylene, phenyl, or other functional groups or cross-links.

The suggested potential applications for fullerenes include superconductors,

lubricants, catalysts, high energy fuels, polymers and biomaterials. The chemistry of

fullerenes formation is being studied to provide a basis for the design and operation of

fullerene synthesis reactors, and for the identification of new fullerene types and
derivatives.

The possibility that fullerenes may be formed in sooting flames was

suggested _9 early in fullerenes research. Zang et al. 6 considered the possible role of

carbon shell structures in the formation and morphology of soot. Kroto and McKay 7

described a carbon nucleation scheme involving quasi-icosahedral spiral shell carbon
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particles, and suggested it may apply _.o soot. Curl and Smalley s suggested that carbon

nets in the form of spiral structures may be important to soot formation in flames.

Recent reviews of these concepts are given by Kroto et al. 1°_2

All-carbon ions having charge/mass rat ._s similar to those reported for

fullerenes in graphite vaporization were observed by Homann et al. 13-15using on-line

molecular beam/mass spectrometric probing of low-pressure premixed benzene-oxygen

and acetylene-oxygen flames. Iijima 16published an electron micrograph of a soot particle

in which a circular feature was interpreted to be evidence of a fullerene. Malhotra and

Ross 17using field ionization mass spectrometry studied several soots from pyrolysis and

combustion processes but found no peaks corresponding to fullerenes.

The presence of C6o and C70 fullerenes in substantial quantities was reported from

spectroscopic analysis of samples collected from low-pressure premixed benzene-oxygen

flames at MIT 18'19. The presence and group behavior of high molecular weight

compounds having molecular-weights up to about 1000 g/mole in benzene-oxygen

flames had been studied earlier at MIT using molecular-beam sampling with on-line

mass spectrometry -_°a| as well as probe collection of condensible material including soot

with subsequent analysis by solvent extraction and other methods = • Intriguing but

inconclusive evidence of the presence of fullerenes had been seen from both on-line mass

spectra 2_ and exploratory fast atom bombardment mass spectra of collected samples z3.

The presence of fullerenes in these flames was finally established ls'_9, soon after the

discovery 2 and early implementation 3-s of the graphite vaporization process for

producing macroscopic quantifies of fullerenes. The same solvent extraction and

spectroscopic techniques employed in the graphite vaporization studies were applied

success.fully in the study of the flame samples.

The knowledge of fullerenes formation in flames has grown significantly during

the short time since this process was first established. The effects of combustion

conditions on the distribution and yields of C60 and C70 fullerenes have been studied and
the amount of fullerenes formed at different distances or times through the reaction zone

of selected flames has been measured. Flame synthesis is found to offer not only an

alternative method for large scale fullerenes production, but an ability to control the

distribution of products (e.g., the C70/C60 ratio) over a larger range than previously

realized. Also, a range of fullerenes including metastable isomers can be produced in
flames2L Plausible mechanisms of fullerenes formation in flames have been proposed

and subjected to preliminary kinetics testing against data 2s. These advances are

summarized below.

Current Knowledy_2_

Fullerenes can be synthesized in substantial quantities in flames. Most of the
research on fullerenes formation in flames has been performed with subatmospheric -_

z

pressure, laminar, premixed flames of benzene and oxygen, with or without an inert
me
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diluent gas, but acetylene has also been used successfully. The following conclusions

about yields and products refer to the use of benzene fuel.

The largest yields of fullerenes are produced in sooting flames, but not under the

most heavily sooting conditions. The largest conversion of carbon to soot is about 12%

in fullerene forming flames, but the largest yields and production rates of fullerenes are

observed when about 2-3% of the carbon is converted to soot. Small yields of fullerenes

are formed in nonsooting flames near the critical conditions for_ impending soot
formation.

The largest yield of C60+C70 as a percentage of soot is 20%, observed at a pressure

of 37.5 torr, a C/O atomic ratio of 0.959 and 25% helium. The largest C60+C70 yield on

a basis of percentage of carbon fed is about 0.5%, and the largest C6o+C70 production rate

(g/hr) was observed at a pressure of 69 torr, a C/O ratio of 0.989 and 25% helium.

The C70/C_0 molar ratios observed under different flame conditions are in the

range 0.26-8.8, compared to 0.02-0.18 for the graphite vaporization method. The ratio

is typically 1.5 to 1.8 for the flame conditions of largest C6o+C70 production rates and

yields. The largest values of this ratio are observed under conditions where the fullerene

yields and production rates are relatively low.

The ability to promote the yield of certain products by adjustment of flame

conditions apparently extends to larger fullerenes, based on exploratory work with

solvents suitable for large fullerenes.

Isomers of fullerene C6o are produced in varying amounts in flames under

different conditions. Although the isomers' structures are not yet known in detail, they

necessarily must include abutting five-membered rings, which have previously been

assumed to be avoided because of their high strain energy. Many of the isomers are

thermally metastable, the C60 isomers having a half-life of 1 hr in toluene at 111°C.

Flame derived fuUerenes also include isomers of C70, C6oO, C700, C76, Ca4, C_ and

C94, and many hydrogen-containing complexes such as C_I-I 2, C_-I,, C70H2, [C6o(CHz)(H2)]
or [C60(H)(CH3)], and others.

Fullerenes in flames are formed in the presence of hydrogen and oxygen as well
as carbon. The formation of fullerenes is the net result of formation and destruction

reactions, and the fullerenes concentration profile exhibits a peak at lower C/O ratios

but become monotonically increasing with distance from the burner as the C/O ratio is

increased. The formation of fullerenes in sooting flames occurs several milliseconds later
than soot formation.

Fullerenes formation in flames is a molecular weight growth process analogous

to the formation of PAH and soot but involving curved and hence strained structures.
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A detailed mechanism of the formatiqnof C6_0 an d c70 fullerenes in flames has been
constructed based on the types of reactions already used in describing PAH and soot

growth, but including intramolecular rearrangements and other reactions needed to

describe theev6iution of the unique structural features of the fuiierenes.

Potential for Microgravity Research

Potential topics for microgravity research-include fullerenes formation in both

diffusion premixed and laminar premixed flames. In the case of diffusion flames,

experiments under microgravity conditions would complement measurements at 1 g in

determining the effect of laminar flame structure on the extent of production of the well

known C6o and C70 fullerenes, and on the formation of novel fullerenes. In addition, the

measurements would permit preliminary projections of the prospect sfo r fullerenes

synthesis in turbulent diffusion flames. Measurements in premixed flames under

microgravity c0nditionswould allow the extent of C6o and C70 formation and the
formation of novel fullerenes to be studied under conditions where the behavior is

already well known except for the effect of gravity.
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COMMENTS

Ouestion (G.M. Faeth, University of Michigan: You mostly discussed Fullerenes formatio,1 in prenlixed
flames. Have there been corrcsponding studies in nonpremixed flames?

Answer: I know of no published studics of Fullercnes formation in diffusion flames. Such studics would be
of much interest, givcn the contrasts bctwcen the diffusion and prcmixed flame structures.
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PRINCIPLES OF GAS PHASE PROCESSING OF CERAMICS

DURING COMBUSTION

Michael R. Zachariah

Chemical Science and Technology Laboratory
National Institute of Standards and Technology

Gaithersburg, Maryland 20899

N98-20188

In recent years, ceramic materials have found applications in an increasingly wider range of industrial
processes, where their unique mechanical, electrical and optical properties are exploited [ 1]. Ceramics are
especially useful for applications in high temperature, corrosive environments, which impose particularly
stringent requirements on mechanical reliability. One approach to provide such materials is the manufacture
of submicron (and more recently nanometer scale) particles, which may subsequently be sintered to produce
a material with extremely high mechanical integrity. However, high quality ceramic materials can only be
obtained if particles of known size, polydispersity, shape and chemical purity can be produced consistently,
under well controlled conditions. These requirements are the fundamental driving force for the renewed
interest in studying particle formation and growth of such materials.

Flames have most commonly been viewed as a means for generating energy; however, under some
circumstances, they have also been used as an environment for chemical synthesis. The most notable
industrial examples are the synthesis of carbon black, titanium dioxide and silica [2]. Some of the earliest
work on the characterization of particle formation of refractories in flames was conducted by Ulrich [3].
Their work focused on the agglomeration processes following the formation of silica particles. More
recently Calcote and his coworkers have used a generic novel halogen-alkali metal exchange reaction to
generate a combustion environment in which the products are either a bare metal or a ceramic (and the
halogen-alkali metal salt) [4].

For multi-component compounds where chemical stoichiometry is particularly important, aerosol
decomposition is favored. Here, solutions containing the components are reacted within each aerosol
droplet, precluding the necessity of controlling multi-component nucleation. Zachariah and Huzarewicz
have shown that one can produce high Tc superconductors in a flame by this method [5].

The objective of this paper is not to review the field but to highlight from this authors prospective the most
important areas features/factors affecting the growth of ceramic/semiconductor materials from the vapor. In
this paper I will review the work on going at NIST on the vapor phase synthesis (gas phase
chemistry/nucleation) of submicron and nano-phase particles from the prospective of the fundamental
controlling factors and how they might be manipulated to obtain optimum properties.

Ideal Powder Characteristics for Advanced Ceramics

Based on current understanding the most important features in a powder are listed [6]:

Particle size below 1 I.tm diameter, nanophase powders < 100 nm.

particle size distribution for greater packing density and less sintering shrinkage.

Equiaxed particle shape for highest packing density

Chemical and Phase purity/stability

No Powder defects (e.g. agglomerates)
They negate all the above benefits!

From the prospective of "ideal" powder processing, agglomeration is the most serious issue which must be
addressed in any synthesis process.
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Model System Studies of Vaoor Phast_ Synthesis in Combustion

In order to better understand the controlling factors underlying the vapor phase formation of ceramic
compounds we have undertaken to study one model system in great detail. The system chosen was the
formation of SiOx panicles. Here particles are formed from silane and silane like precursors in a counter

propagating diffusion flame reactor, illustrated in Fig. 1. The details of the reactor geometry can be found
elsewhere [7,8]. The two impinging jets create a classical stagnation plane, offset from which (on the
oxidizer side) a flame can be stabilized. The flame acts as a heat and radical source to aid in the pyrolysis
and oxidation of the precursor (added to the fuel stream). The advantage of this geometry, in a similar
fashion to other more traditional combustion studies is that along the stagnation streamline the flow may be
described as one dimensional, greatly simplifying the data analysis and modeling complexity.

Studies of the Particle Phase

In-situ light scattering studies in conjunction with aerosol dynamics modeling have been employed to
characterize panicle growth under a wide variety of process conditions (temperature, precursor
concentration, strain rate, etc) [7,9].
The basic conclusions to be reached from these studies were that:

- Precursor concentration was the primary variable for controlling panicle size.

- Under most operating conditions the particles formed are chained agglomerates composed of primary
panicles in the 10-30 run regime.

- ha-situ particle characterization based on light scattering showed average agglomerate sizes which ranged
from as low as 50 nm up to 150 rim.

- Temperature was the primary variable for controlling particle morphology. Increasing flame temperature
resulted in panicle sintering and therefore more spherical shapes. At the highest flame temperatures used (T
> 2500K) panicles were completely coalesced with mean sized in the 50-100nm range. Sintering could be
observed to occur from both light scattering and TEM studies.

- Modeling of panicle growth employed both moment and sectional aerosol dynamics [10]. By using a
temperature dependent source rate for the monomer (Sit2) and applying a bi-collider kinetic scheme, one

can without having to resort to classical nucleation theory adequately model the overall features of particle
growth. Fig 2. shows a comparison of experiment and theory for both particle size and number density. It
is clear that one can, using a kinetically constrained approach, model both the size and number density. The
calculation also shows a good prediction of the onset of nucleation. Particle size distribution can be
significantly perturbed from self-preserving during the early stages of panicle growth when the monomer
generation rate is high, but quickly evolves to the self-preserving distribution during the relevant flow times
of most flames.

Studies of the Gas Phase

In any materials syntheses, morphology (size, shape) is only a part of the final characteristics that need to be
controlled. Issues related to phase, chemical composition and crystallinity are also of interest. In order to
address these issues it is necessary to develop or borrow methods for chemical characterization and
modeling relevant to understanding the chemistry/nucleation that might occur. Characterization of the gas
phase has been conducted using in-situ optical probes throughout the reactor during particle formation, for
temperature (thermocouple, OH fluorescence), and gas phase/cluster species (laser induced fluorescence
(LIF) and resonantly enhanced multi-photon ionization (REMPI)) [11-13].

=_

lm

These measurements have been made in conjunction with a chemical model, which includes gas phase
hydrogen-oxygen chemistry, silane pyrolysis and oxidation chemistry (proposed). The gas phase portion of
the mechanism contains at the present time 38 chemical species and 128 reversible chemical reactions. In
addition, there are 31 nucleation reactions which remove species from the gas phase, through what amount
to monomer reactions (e.g. SiO2 + SiO2 monomer). Added to this, 23 species undergo surface chemistry
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directlyfromthegasphaseontothegrowingaerosol,viaaCVDtypemechanism(e.g.SiO2+ surface)
[14].Thechemicalkineticsaresolvedinconjunctionwithamodelforthecounterflowgeometrydeveloped
bySmookeetal [15]

Measurementof gasphasespeciesmadebyeitherLIForREMPIincludeSi,Sill3, SiOandOH[11,14}.
Asanexample,weshowinFig.3concentrationprofilesforSiOmadebyLIF forvariouslevelsof silane
loading.Alsoshownis thestagnationplaneasdefinedbythesteepdeclinein thescatteredlightfrom
particles.Totherightofthestagnationplane(iewherenoparticlesarepresent)theSiOconcentrationis
independentof thesilaneconcentrationinitiallyused.Thisbehaviorisaccountedforbyconsideringthatas
thetemperatureisincreasingforparticlesapproachingthestagnationpoint,theequilibriumvaporpressure
of SiOoverasolidisalsoincreasing.At thestagnationpoint,whenallparticulatesurfacesareremoved,the
remaininggasphaseSiOdiffusesacrossthestagnationplaneandis thereforeindependentofthesilane
concentrationused.Ofmoreinteresttousis theregionwhereSiOissensitivetotheamountof silane
injected.Thisregionalsocorrespondstotheparticleformingzonein theflow field.It isclearthattheSiO
concentrationgoesupwithincreasedsilaneconcentration.Inaddition,theappearanceof SiOoccurslaterin
theflowwithincreasedadditionof silane.

Themechanismhasbeentestedagainstmeasurementsof theOHradicalmadebyLIFandallowussome
confidencein thereliabilityof modelingthegeneralfeaturesoftheflame.ThecalculatedSiOprofilesare
showninFigure4.Theresultsshowthatthelocationandmagnitudeof theSiOconcentrationcanbe
calculatedquitewell.Thedominantchannels( asdeterminedfrompost-processingthesimulation)forthe
chemistryareshowninFigure5.Theprimaryconsumptionmuteforsilaneis theunimolecularpyrolysisto
silylene(Sill4= Sill2 + H2),whichin turnmayreactwithsilanetoformdi, tri silanes.Thisprocess
occursunderexperimentalconditionswhensilaneis injectedin thelargerquantities( >0.25mole%).It is
alsothemannerinwhichsiliconparticlesareobservedtonucleateinsiliconCVDreactors.Ontheoxidation
sideof ourmechanismweknowfromoursimulationsthatnomolecularoxygenremainsin theparticle
formingzone,havingbeenconsumedbytheflame.Furthermore,weknowfromourOHmeasurement(
notshownhere)thatOHisnotinsufficientquantityin theparticlezonetoparticipateinsignificant
oxidation.WearethereforeleftwithconcludingthatH20is theprimarydonorof oxygentosilicon.The

most likely candidate is Sill2. In order to address this point we have recently undertaken ab-initio molecular
orbital (MO) calculations to show that water will insert to yield both the silicon analogues of methanol and
formaldehyde (H3SiOH, H2SiO) [16]. RRKM analysis has been used to obtain rates from these
calculations which indicate (see Fig 5) that these channels will be important. Once we have H2SiO, the large
concentration of H atoms created in the flame and which have diffused into the particle forming zone
successively dehydrogenate to produce SiO or alternatively undergo unimolecular decomposition to SiO and
H2.

One of the interesting points regarding nucleation is that SiO2 is not formed in the gas phase and that solid
formation must proceed through the polymerization of SiO, HSiOOH, and H3SiOH with subsequent
oxidation in order to achieve full oxygenation. We have recently shown through MO calculation that the
polymerization of SiO is highly exothermic and pmcceds without an activation barrier, however subsequent
oxidation to yield full oxidation is slow. This presents opportunity to make oxides with variable
stoichiometry. It is this multicomponent nature of gas to panicle conversion that is the key to controlled
synthesis of nano-scale materials.

Another issue of importance is the dominant mode of particle growth. Based on the model calculation we
can show that heterogeneous growth of gas phase species will play only a minor role in the growth of
particles. This results from the fact that flame systems act as pulsed sources of monomer ( due to the large
gradients in temperature) which do not provide sufficient time for CVD growth to existing particles. This
means that particle formation will always be dominated by new particle births in flames and will require
greater emphasis on quenching to prevent agglomeration [17]

Studies of the Cluster Phase and Nano-Phase Materials

The bridge between gas phase species and the bulk solid is what is euphemistically termed clusters. What
separates clusters from bulk species is that they have size dependent properties which can differ
substantially from the corresponding property in the bulk. Depending on the property of interest (melting
temperature, optical properties, coordination number, etc.) the critical cluster size to obtain bulk properties
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will in general be different. One interesting aspect of this is that one has the potential to tailor make materials
with a desired property, assuming one knows the size-property relationship and can control the
formation/collection of these structures.

In order to understand the growth of this class of materials we have undertaken molecular dynamics studies
of cluster growth processes [ 18 ]. The basic idea is to solve the classical equations of motion for an
assembly of atoms based on known interaction potentials. Because the interaction potential surface is quite
well known for silicon, our studies to date have been limited to pure silicon clusters,

A representative example result of these calculations are presented in Fig 6. for the case of two 15 atom
silicon clusters (equilibrated with an internal temperature of 1850 K) colliding with a relative velocity of
2400 K. The oscillation of the relative velocity of the cluster results from the two body attractive and three
body repulsive parts of the interaction potential producing the initial stages of an agglomerate. The
potential energy curve shows the time evolution of the newly formed 30 atom cluster from the agglomerate
through to the coalesced sphere. The potential well at 0.2 ps corresponds to an agglomerate of the two
clusters. By climbing an energy barrier the clusters gain a tremendous amount of configuration stabilization
and thus much lower potential energy.The temperature profile is essentially a mirror image of the potential
curve, showing the large self-heating of the cluster as the cluster finds a more stable configuration.

The relevance to nano-scale materials processing become clear when one realizes that the primary objectives
are to make small structures that have little or no agglomerationl This can be accomplishes by either, (for
very small particles) forcing particles to cross over the barrier or (for larger particles) trapping them in the
agglomerate potential well by rapid cooling.

Potential for Microeravitv Processin_

Microgravity combustion environments provide the possibility to:

1. Increase residence time
2. Decrease the extent of thermal mixing

These two characteristics have the potential for providing processing conditions not easily achieved on the
ground and which in principle at least can be considered to provide an opportunity for further development.

Increased residence time could be applied to the problem of growth of very large particles (microns) which
have importance in catalysis. One of the problems encountered in the growth of large particles is the
requirement of large residence times in order to vapor deposit onto the existing particle rather than
continuously forming new particles via homogeneous nucleation. The increased residence time will allow
for extended periods where heterogeneous chemistry CVD can take place under slow chemistry conditions.

The decrease in thermal mixing rates due to the lack of buoyancy driven flows has some potential in the
formation of extremely fine particles (nanometer scale). As revealed from the experimental and molecular
dynamics models previously discussed, temperature plays a key role in the kinetics of agglomerate
formation/coalescence. Increasing temperature can cause complete or partial sintering given sufficient time.
Therefore with a judicious choice of time-temperature history, nanophase particles could be made to form
and then quickly quenched so that the agglomerates that are made are only weakly bound. Because of the
absence of buoyancy, thermal boundary layers can be maintained with steeper gradients for longer times,
allowing particles in a flame to be transported by electrophoretic or thermophoretic transport to a much
colder quench layer. In this way one can separate nucleation from agglomeration.

Conclusions

Combustion synthesis has established its credentials as a practical method for the synthesis of fine ceramic
particles. Its future contribution will be determined by the ability to develop strategies for the formation of
particles with specific requirements for size, morphology and chemical composition.

Z
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Figure 4. Model predictions of SiO concentration.
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COMMENTS

Question (Michael Frenklach, Penn State University): In addition to combustion synthesis in "regular" flames

(llke laminar premixed or diffusion flames), one can employ a "combined" flame environment. For example,

using a microwave-assisted combustion, we were able to synthesize diamond particles in the gas phase.

I would agree completely that augmented flames can provide a more flexible cnvironmcnt for

synthesis. Your diamond synthesis is a fine example of that principle. However, we should not lose sight of

the one great advantage "regular" flames provide over other synthesis schemes -- "simplicity" -- which

translates into cost-effectiveness, the driver for most process development. As wc move to augmented flames

through addition of energy (laser, RF, etc.) we transgress into a much more complicated synthesis
environment, and into direct competition with the myriad of other processing techniques that mav provide a

similar result at comparable or lower cost.
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EFFECTS OF BUOYANCY ON LAMINAR, TRANSITIONAL, AND TURBULENT
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Introduction

Gas jet diffusion flames have been a subject of research for many years. However, a better understanding of the
physical and chemical phenomena occurring in these flames is still needed, and, while the effects of gravity on the
burning process have been observed, the basic mechanisms responsible for these changes have yet to be determined.
The fundamental mechanisms that control the combustion process are in general coupled and quite complicated.

These include mixing, radiation, kinetics, soot formation and disposition, inertia, diffusion, and viscous effects. In
order to understand the mechanisms controlling a In'e, laboratory-scale laminar and turbulent gas-jet diffusion flames
have been extensively studied, which have provided important information in relation to the physico-chemical

processes occurring in flames. However, turbulent flames are not fully understood and their understanding requires
more fundamental studies of laminar diffusion flames in which the interplay of transport phenomena and chemical
kinetics is more tractable. But even this basic, relatively simple flame is not completely characterized in relation to
soot formation, radiation, diffusion, and kinetics. Therefore, gaining an understanding of laminar flames is essential

to the understanding of turbulent flames, and particularly fires, in which the same basic phenomena occur. Figures 1
and 2 show, respectively, the processes occurring in a laminar jet diffusion flame and the three regimes of flames
(i.e., laminar, transitional, and turbulen0. In order to improve and verify the theoretical models essential to the
interpretation of data, the complexity and degree of coupling of the controlling mechanisms must be reduced. If
gravity is isolated, the complication of buoyancy-induced convection would be removed from the problem. In
addition, buoyant convection in normal gravity masks the effects of other controlling parameters on the flame.
Therefore, the combination of normal-gravity and microgravity data would provide the information, both theoretical
and experimental, to improve our understanding of diffusion flames in general, and the effects of gravity on the
burning process in particular.

* Paper presented at the Second International Workshop on Combustion Science in Microgravity, September 15-17,
1992, Cleveland, Ohio. This work is supported by NASA Lewis Research Center under Contracts NAS3-22822 ("Effects
of Buoyancy on Laminar Gas Jet Diffusion Flames," End Date: April 1, 1992) and NAS3-25982 ("Gravitational Effects
on Transitional and Turbulent Gas Jet Diffusion Flames," Start Date: November 11, 1991) with Science Applications

International Corporation.
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¢ NASA Project Scientist.
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The overall objective of this effort is to gain a better fundamental understanding of the behavior and characteristics of
gas-jet diffusion flames in the absence of buoyancy. Diffusion flames are selected because they are easy to control,
and embody mechanisms important in many combustion processes such as fires and practical combustion systems.
The specific objectives of these microgravity studies are to characterize the transient phenomena of flame

_ development following ignition, steady-state flame behavior, effects of soot, radiative characteristics, and if any,
extinction phenomena.: These objectives are being accomplished through measurements of the microgravity flame
size and development, observations on flame color and luminosity, temperature measurements, global and local
flame-radiation measurements, and species measurements. In addition, the tests provide the effects of buoyancy as
well as Reynolds number, nozzle size, fuel reactivity and fuel type, oxygen concentration, pressure, and other global

characteristics of gas-jet diffusion flames over the entire range of laminar, transitional, and turbulent regimes.
Comparisons are also being made with the characteristics of the normal-gravity counterparts of these flames to
determine the effects of buoyancy on these jet diffusion flames. Analytical and numerical studies are also underway

to provide comparisons between the measured andPredicted flame phenomena.

In the following sections, we present the experimental and theoretical efforts conducted to date, in addition to the
important findings of this program. More information is available from the cited references [1-10]. For a
comprehensive review of the past efforts on laminar diffusion flames, see [ 1 ].

Tests on laminar diffusion flames of methane and propane were conducted in the 2.2-Second Drop Tower and the
5.IS-Second Zero-Gravity Facility of the NASA Lewis Research Center. The oxidizing environment consisted of
15% to 50% oxygen in nitrogen at pressures of 0.5 to 1.5 atm. In addition, a preliminary series of tests were
conducted in the KC-135 research aircraft. Various nozzle sizes (0.051 to 0.0825 cm in radius) and volume flow

rates (1.0 to 5.0 cc/sec for methane and 0.3-1.5 cc/sec for propane) were used. The jet Reynolds numbers for the

laminar phase of these studies were in the range of 20-200, based on the nozzle radius and fuel properties.

The 2.2-second tests [2, 4, 6] were conducted to obtain information on the laminar-flame behavior and characteristics,
and to def'me the matrix for the longer-durationl 5.18-second tests. The flames were ignited in mlcrogi_vity.

Figure 3 shows a schematic of the hardware for the 5.18-second tests [3, 7, 9]. The experimental chamber had a vol-
ume of 0.087 m 3. Two movie cameras recorded the laminar flame development and behavior. A wide-view-angle,

thermopile-detector radiometer was used to measure the global flame radiation over the range of 0.2-9.0 _.m. During
the drop. a 3x3 rake of thermocouples measured the temperature both inside and outside the flame at fixed locations.

In the KC-135 tests, both attached and free-float configurations of the package were used, and flame visualization

through photography was conducted.

Tests are currently underway te.g., 10] in the 2.2-Second Drop Tower for studying high-Reynolds-number laminar
flames in addition to transitional and turbulent flames of methane, ethylene, ethane, propylene, and propane to obtain

the effects of fuel type and Reynolds number, as well as observations of blow-off and other features of these flames.
Nozzle sizes are in the range or" 0_025 tO 0.050 cm in=radius. The flames are Studied in air at ambiempressure.
Flame radiation, temperature, and species measurements are planned, in addition to future tests in the 5.18-Second

Zero-Gravity Facility and the KC-135 aircraft

An analytical model was developed for transient, axisymmetric laminar diffusion flames in the absence of buoyancy
[5]. The model incorporated the effects of axial diffusion, and was an extension of the classical model for gas-jet
diffusion flames. In addition, a comprehensive numerical model which incorporated the effects of gravity, diffusion,
inertia, viscosity, combustion, multi-component diffusion, and radiation, was upgraded and utilized for comparisons
with the laminar-flame data. The model is steady-state and two-dimensional (rectangular or cylindrical), with the

partial differential equations for mass, momentum, energy, and species in their boundary-layer form. The governing
equations are solved using an explicit finite-difference scheme. Details of the flow field including velocity,
temper'ann'e, and species fields, radiative contributions, flame shape and dimensions, and other characteristics of the
flame are predicted and compared with experimental results [e.g., 4].
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In addition, a numerical model for turbulent flames is currently under development which incorporates the effects of
buoyancy on both mean flow and generation of turbulent kinetic energy (manifested through the correlation of
velocity and temperature fluctuations). Also, analytical models are being developed for the effects of disturbances and
associated vortex interactions with flame front to better characterize the behavior of transitional and turbulent
diffusion flames under microgravity conditions.

In the following sections, some of the important findings of this program on diffusion flames are presented. The
ftrst section presents the observations, experimental data, and predictions for laminar diffusion flames. In the second
section, the results obtained to date on the transitional and turbulent flames are presented. The efforts have shown
unique and unexpected phenomena in microgravity diffusion flames.

Laminar Diffusion-Flame Data and Analysis

Laminar diffusion flames of hydrocarbons under microgravity conditions have shown distinct characteristics relative
to normal-gravity flames [1]. Flames are taller (up to twice), rather globular (up to four times in diameter), and
sootier in microgravity. This is due to the significant reduction in the buoyant force, which makes diffusion the
dominant mechanism of transport. As a result, increased residence time, enhanced soot formation, radiative cooling
due to the larger flame size, and the possible onset of a chemical-kinetics limitation on the heat-release process are
responsible for the very different characteristics of these flames compared to those in normal gravity. Under the
influence of buoyancy, the flame is pencil-like due to the steep gradients of oxygen, which is caused by buoyant
convection and associated entrainment. These flames are generally yellow due to soot emission and burn-off. In
addition, normal-gravity flames burning in quiescent oxidizing environments flicker with a frequency of 10-20 Hz
due to hydrodynamic instability. Under microgravity conditions, flame flicker disappears, the flame becomes larger,
and shows colors ranging from orange to red to entirely blue, depending on the fuel, pressure, and composition of the
oxidizing atmosphere. In addition, absence of buoyancy makes the gradients of oxygen much more shallow
compared to those in normal gravity. The continuous formation and accumulation of the combustion products at the
microgravity flame front which are transported primarily by diffusion with some contribution from the initial (and
rapidly decreasing) jet momentum are responsible for a larger microgravity flame. This process dramatically affects
flame radiation, soot behavior, residence time, flow field characteristics (such as temperature, velocity, and species
distributions), fuel pyrolysis, approach to steady state, and (possibly) even kinetics.

Figure 4 shows laminar methane and propane diffusion flames under both normal-gravity and microgravity
conditions. As mentioned before, microgravity environment has a strong effect on these flames where, for example,
the color, size, and other features of the flame are affected. The yellow, luminous zone indicates the thermal
emission of burning carbon particles. This luminous zone becomes orange, then red, and finally, dark red toward the
boundary of the visible region, as the temperature of the unburned soot decreases. The orange/reddish color of the
flame in microgravity is due to the soot at cooler temperatures that would be expected for typical burn-off conditions.
The normal-gravity flames of methane and propane show similar characteristics such as flame flicker and a luminous
yellow color due to buoyancy. However, the microgravity flames are completely different. The methane flame
shows a closed tip whereas the propane flame has an open tip with quenched soot escaping through the tip. This
underventilated-like behavior is attributed to the effects of pyrolysis, soot formation and quenching, extensive
radiative loss, and possible thermophoretic effects.

Microgravity tests have shown that laminar flames need longer time to reach their near-steady state compared to the
flames in normal gravity. In the presence of buoyancy, times of the order of 0.5 second are needed for the flame to
establish and reach steady state following ignition. In microgravity, due to the lack of entrainment caused by
buoyancy, the flame needs longer time (as shown in Figure 5) for approach toward steady state. The accumulation
and slow transport of the combustion products in the absence of buoyancy contributes to this transient flame
development.

Pressure and oxygen concentration effects are much more significant in microgravity than in normal gravity.
Laminar flame characteristics, color, luminosity, sooting behavior, and as will be seen later, radiation are strongly
affected by various combinations of pressure and oxygen concentration in the environment of the microgravity flame.
Sooting was eliminated at 18% 02 - 0.5 atm, and the flames were weak, entirely blue and soot-free, whereas their
normal-gravity counterparts were yellow, luminous, and very similar to normal-gravity flames under atmospheric, or
even high-pressure/high-oxygen-concentration conditions. This has an impact on fh-e detection in mietogravity
environments. For example, particulate detectors may not respond to blue, non-sooting flames in low gravity.
Figure 6 shows a blue microgravity flame typical of low-pressure/low-oxygen-concentration flames. Massive
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sooting has been observed at high oxygen concentrations in microgravity flames. Figure 7 shows a propane flame
with 30% oxygen in the environment. Although the flame is stronger in luminosity compared to lower-oxygen
microgravity flames, still soot quenching and breakthrough at the tip has been observed, even at 50% oxygen which
showed a column of quenched soot emerging through the tip. Figure 8 shows the effects of oxygen concentrauon on

methane flame heights in microgravity and normal gravity. In general, the lower the oxygen concentration, the taller
the flame, with a stronger effect in microgravity flames, as predicted.

Figures 9 and 10 show microgravity laminar flame heights of propane burning in air at different pressures and
Reynolds numbers. It appears from this data that the flame height correlates linearly with Reynolds number, but
reaches an apparent minimum between 0.5 atm and 1.5 atm. The flame height in all of these tests was based on the
location where red soot changes color into dull red, indicating local flame extinction. Experimental studies [11] have
shown that soot ceases to burn near 1300 K. The red to dull-red transition seems to roughly correspond to this

temperature. The non-monotonic behavior of flame height with pressure may be attributed to the competitive,
oxygen- and pressure-dependent rams of fuel pyrolysis and particle inception, agglomeration and bum-off. Figure 11
shows the soot quench length (red region at the flame tip) as a function of pressure and Reynolds number.

Tests conducted in the 5.18-Second Zero-Gravity Facility have shown that radiative loss from microgravity laminar

flames is approximately an order of magnitude larger than the corresponding normal gravity flames. This is
primarily due to the accumulation of the combustion products, as well as larger flame size and increased soot.
Figure 12 shows a typical set of data (in mV) for flame radiation in both normal-gravity and microgravity environ-
merits. Examination of the data also shows that radiation does not reach steady state (unlike the normal-gravity

flame) in 5 seconds of microgravity. This is due to the accumulation and slow transport of combustion products
(particularly water vapor and carbon dioxide) in the vicinity of the flame. Visualization of these flames (through
photography) has shown that the flame does not appear to significantly increase in size with time near the end of the
drop test. However, the diffusion of non-luminous hot gases in the surrounding causes the volume of the gas to
increase, which is reflected through the continuous increase in radiation. This has a direct impact on the approach

toward quasi-steady-state in microgravity flames. Figure 13 shows the effects of fuel volume-flow rate (i.e.,
Reynolds number for fixed nozzle diameter) on flame radiation. The figure also shows that because in normal
gravity, a large fraction of heat release is removed via the convection of hot products of combustion, the contribution
of energy loss due to radiation from the flame is reduced. In microgravity, practically all of the released heat is
accumulated around the flame through the combustion products, causing radiative losses of up to an order of

magnitude higher compared to normal-gravity condition.

Pressure and oxygen concentration also show a significant effect on radiative loss in microgravity. Figure 14 shows
radiation from methane flames under different conditions of pressure and oxygen level. The normal-gravity data show

little sensitivity to the environmental condition, whereas radiation levels from microgravity flames are strongly
affected by pressure and oxygen concentration. The results have also shown that low-pressure/low-oxygen-
concentration flames in microgravity (which are entirely blue, unlike those in normal gravity) approach near-steady-
state levels of radiation by the end of the available 5 seconds of microgravity. However, high-pressure/high-oxygen-
concentration flames show a continuous increase in radiative loss throughout the drop period, and do not reach steady

state in the available time. Also, blue microgravity flames, which are apparendy soot-free, have shown appreciable
amounts of radiation, indicating that contributions from the water vapor and carbon dioxide bands are quite

significant. These experiments represent the first time flame radiation was measured in microgravity environments.

Figure 15 shows the results of temperature measurements for a typical flame in both normal-gravity and
microgravity environments. The position of the thermocouple rake with respect to the flame is also shown. The
microgravity flame shape in this figure corresponds to the condition prior to the deceleration of the package. The
initial overshoot in the data is due to the presence of excess fuel at ignition. The normal-gravity data show that the

temperature drops quickly to the ambient value immediately outside the flame front between radial locations of 0.75
and 2.75 cm. This is due to entrainment. In addition, the strong buoyancy-driven portion of the flame causes the

three thermocouples near the centerline to show roughly equal temperatures, which essentially reach steady state
approximately 3 seconds after the start of the experiment. However, the microgravity data show that far above and
away from the flame, the gas is still experiencing a temperature rise. This figure also shows that the gas
temperature does not reach a steady value anywhere in the field during the 5 seconds of microgravity, again due to the
continuous dilution and heating of the environment caused by the combustion products. In addition, large

temperature gradients are observed in the axial direction for the microgravity flame, and the variation of temperature
in the radial direction is significant all the way to the far field. The data suggest that although the flame appeared to

have reached steady state (verified through visualization), 5 seconds of microgravity is not sufficient to obtain
information on the flame structure, since the field is approaching steady state but is still changing in the available

time of 5 seconds.
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The modeling effort has been an ongoing development process aided by these experiments, and has proven to be a
critically important element contributing to the interpretation of experimental results. Figure 16 shows a
comparison between the measured and predicted microgravity flame heights for a series of fuels. Figure 17 shows
the centerline velocity as a function of axial distance for different gravity levels, using the numerical model discussed
previously. As seen in this figure, under microgravity condition, the gas velocity is highest at the nozzle exit and
drops immediately upon expansion of the jet in the absence of buoyancy. The normal-gravity flame shows a
significant increase in the centerline velocity due to the influence of buoyancy and the behavior of the streamlines.
The intermediate gravitational levels show that the effects of buoyancy become negligible at 10 .4 g. Figure 18
shows the predicted flame heights as a function of gravity level and their comparison with the available normal-
gravity and microgravity flame height measurements. The results are in excellent agreement, and again, it is shown
that effects of buoyancy are not important for jet diffusion flames for gravity levels less than 10.4 g. Figure 19
shows the predicted shapes of these flames. Figure 20 shows the predicted radial distribution of the axial velocity at
two heights (near the middle and the tip of the flame) as a function of gravitational level. The significant effect of
buoyancy appears in this figure, in addition to the observation that the tip of the microgravity flame is almost at
stagnation. The comparisons of predictions with data are quite encouraging. As data becomes available on other
parameters, comparisons of theory with these data will further substantiate the accuracy of the theoretical model
being developed.

Transitional/Turbulent Diffusion-Flame Data and Analysis

The investigation of microgravity laminar jet diffusion flames is currently being extended to transitional and
turbulent regimes. Several important and unexpected results have already been obtained on this new effort.

The behavior of gas-jet diffusion flames in normal gravity as a function of the fuel Reynolds number was shown in
Figure 2. In the laminar regime, the variation of flame height is linear with Reynolds number (or fuel volume flow
rate) for a fixed tube diameter. As the Reynolds number increases, the laminar flame undergoes a transitional
behavior, in which, instabilities start to develop at the tip of the flame with a brush-type characteristic, and the flame
height starts to decrease due to enhanced mixing (see Figure 2). As the Reynolds number is further increased, the
boundary of the brush-type region moves upstream, and results in further reduction of flame heighL A Reynolds
number is finally reached at which the entire flame is fully turbulent and the height no longer changes with increase
in jet momentum (see Figure 2). Further increase in Reynolds number will ultimately lead to blow-off. This
overall behavior is shifted to larger flame heights with increasing tube diameter, and the blow-off limit also moves
to higher Reynolds numbers.

In order to study the effects of microgravity on the different regimes of jet diffusion flames, tests were conducted in
the 2.2-Second Drop Tower with propane and propylene flames; tests for other fuels such as methane, ethane and
ethylene are underway.

Figure 21 shows the variation of flame height with (cold jet) Reynolds number for propane/air diffusion flames. The
normal-gravity flames of the laminar regime show a linear variation of height with Reynolds number, as is expected
from the classical behavior. These flames flicker due to hydrodynamic instability, as discussed before, and the flicker
range increases with increasing jet momentum. The laminar flames are generally yellow with a small blue base. As
the jet momentum increases, the (average) flame height undergoes a transitional regime with a dip which is not a
characteristic of typical transitional flames [12]. However, other studies [e.g., 13] have shown that relatively low-
momentum flames exhibit this type of behavior and, indeed, the flame height in the turbulent regime can be larger
than that in the transitional regime. As the normal-gravity laminar flame goes through transition, lift-off beings,
and a large blue base is formed followed by a yellow brush-type flame which both flickers and wavers from side to
side. This behavior persists throughout the turbulent regime. Blow-off occurs somewhere near Re = 6,000.

The microgravity flames, on the other hand, show significantly different behavior compared to those in normal
gravity. In the laminar regime, the flame is flicker-free, and as discussed before, is much wider than the normal-
gravity flame, has an open tip with flame colors changing from blue at the base to yellow, then orange, then red and
finally dark red toward the flame tip. The flame color and shape indicate soot quenching and its subsequent escape
through the tip, which resembles an tmderventilated-type behavior. However, as the jet momentum increases toward
the transitional regime, the width of the flame tip decreases. In addition, the gap between the microgravity and
(average) normal-gravity flame heights increases with increasing Reynolds number. The microgravity flames of
Figure 21 show a monotonic flame height variation, indicating that transition from the laminar to turbulent regime
may occur quite smoothly, unlike the classical normal-gravity behavior. However, somewhere in the transition
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regime, the flame tip closes, and large-scale, slow-moving structures develop which do not look like a brush-type
behavior, as in the normal-gravity flames, but rather a wrinkled structure. The flame lifts off the nozzle tip,

although the stand-off distance is almost half of that for the normal-gravity flame. Tip flicker was not observed for
any of the microgravity flames. The flame slowly increases in height up to a Reynolds number of 4400, and then
increases further in height, where the tip of the flame unfortunately falls out of the camera field of view. It is

anticipated (as discussed later) that the height will increase in this region with increasing Reynolds number. The
microgravity flame height in this regime is almost twice that of the corresponding normal-gravity flame.

Figure 22 shows the behavior of propylene flames under both normal-gravity and microgravity conditions. The
(average) normal-gravity height shows the typical classical behavior, similar to Figure 21. The microgravity flame
did not drop in height in the transition regime, and again, beyond a Reynolds number of approximately 4400, the
flame tip fell outside the camera field of view.

Figure 23 shows the shapes of microgravity and normal-gravity propylene flames in both low- and high-Reynolds-
number laminar regimes. In addition, it shows the shapes of transitional and fully developed turbulent flames of
normal gravity, and their corresponding microgravity flames. Careful examination of these flames has revealed
fundamental differences between the flames of microgravity and those in normal gravity. Under normal gravity, as
discussed before, transition is initiated at the tip of the flame and, with increase in Reynolds number, the instability
moves downward closer to the flame base. However, in microgravity, transition initiates with the appearance of
disturbances that form at the base of the flame and ai'e convected downstream. These disturbances are intermiuent in

nature, that is, during the 2.2-second available time and at a critical transition Reynolds number, only one
disturbance is observed which is convected along the flame boundary and moves toward the flame tip. At a slightly
higher Reynolds number, two or three of these disturbances appear during the 2.2-second time, and in between
successive disturbances, the flame is completely laminar in nature (i.e., undisturbed). As the jet Reynolds number
increases, the frequency of occurrence of the disturbances also increases, until a tram of disturbances (with a measured
frequency of occurrence of approximately 15 Hz) is formed in the region which corresponds to the normal-gravity
turbulent regime.

The differences between normal-gravity and reduced-gravity transition of diffusion flames arise due to the strong
influence of buoyancy on the flow field under normal-gravity conditions. With gravity, the flow exiting the nozzle
is accelerated, whereas without gravity, the velocity drops with downstream. The numerical model described
previously shows that this behavior is indeed related to the velocity field. The predicted centerline velocities for
typical normal-gravity and microgravity flames were shown in Figure 17. The velocity in the normal-gravity flame
attains its maximum value at the tip of the flame due to the influence of buoyancy, resulting in convergence of

streamlines. In microgravity, the maximum velocity is the jet exit velocity, which then drops sharply due to the
expansion of the gas caused by the absence of buoyancy. Therefore, instability initiates at the tip of the normal-
gravity flame and at the base of the microgravity flame due to this behavior in the velocity field.

The results shown in Figures 21 and 22 also indicate that the transitional behavior of the microgravity flames may
be extended well beyond the critical range of Reynolds numbers associated with the normal-gravity flames. In
normal gravity, the transition to fully developed turbulent regime is accelerated due to the presence of buoyancy
generated turbulence. However, in microgravity, the flame does not have any kinetic energy source associated with
buoyancy. As a result, transition to turbulence may occur over a substantially longer range of Reynolds number. It
is quite possible that at sufficiently high jet Reynolds numbers, the microgravity flame will ultimately have
characteristics identical to a fully developed turbulent flame in normal gravity. In addition, due to the reduction in
flame stand-off distance in microgravity, it is possible that the flame may show a higher blow-off Reynolds number
compared to that in normal gravity. Quantifying these phenomena in addition to the other characteristics of
transitional and turbulent jet diffusion flames in microgravity represents the focus of this research.

Conclusions and Future Plans

The studies conducted to date in this program have provided unique and new information on the behavior and
characteristics of gas jet diffusion flames in microgravity environments. Significant differences have been observed
between the normal-gravity flames and those under reduced-gravity conditions. The goal of this research is to extend
these observations in order to fully characterize the influences of buoyancy on the structure of, and physicxr-chemical

processes occurring in, microgravity gas jet diffusion flames over the entire range of laminar, transitional, and
turbulent regimes.
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Figure 1.-- Schematics of a laminar gas jet diffusion
flame in normal gravity.
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Figure 3.-- Schematics of the experiment package
for the 5.18-second tests.
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Figure 2.-- Change in flame height and behavior
with increase in volume flow rate for a gas jet
diffusion flame in normal gravity; x indicates
blow-off.
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Figure 4.-- Typical normal-gravity and microgravity
flames of methane and propane in the laminar
regime; nozzle radius = 0_048 cm for methane and
0.0825 cm for propane; volume flow rate = 5.25
cc/sec for methane and 1.0 cc/sec for propane; air
at 1 atm is the oxidizer. The bars show the range
of normal-gravity flame flicker (f). The various
colors indicated in the diagram are as follows: B
(blue), D (dark), DB (dark blue), DP (dark pink), O
(orange), P (pink), R (red), W (white), and Y
(yellow); reproduced from [2] and [7].
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Figure 5.-- Ignition and development of a series of
microgravity propane diffusion flames.

.,_¢3,1¢: _ • i effl

I"._2.,

Figure 6.-- Effects of low oxygen concentration on a
laminar propane diffusion flame; 18% oxygen, 1.0
atm, volume flow rate = 1 cc/sec, and nozzle radius
= 0.074 cm; for the definition of colors, see Fig. 4;

f is the normal-gravity flicker range; reproduced
from [2].
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Figure 7.-- Effects of high oxygen concentration on a
laminar propane diffusion flame; 30% oxygen, 1
atm, volume flow rate = 1 cc/sec, and nozzle radius
= 0.048; see Fig. 4 for the definition of colors; f
is the flicker range; reproduced from [2].
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Figure 8.-- Effects of oxygen concentration on
methane diffusion flames at 1 atm; nozzle inner

radius = 0.048 cm and P = Iatm; reproduced from
[2].
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Figure 9.-- Microgravity propane-air flame heights
vs. Reynolds number for different pressures;

reproduced from [6].
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Figure 10.-- Microgravity propane-air flame heights
vs. pressure for different Reynolds numbers;
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Figure 11.w Soot quench length vs. jet Reynolds
number as a function of pressure for microgravity
propane air flames; reproduced from [6].
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Figure 12.-- Radiometer response from a propane
flame burning in quiescent air at 1 atm; flow rate =
1.5 cc/sec and nozzle radius = 0.0825 cm;

reproduced from [7].
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Figure 13.-- Effects of fuel flow rate on radiation
from laminar propane-air diffusion flames at 1 atm.
The radiation data for microgravity flames are the

average values between 4.0 and 5.0 seconds after
ignition; reproduced from [7].
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pressure on radiative loss from methane flames at a
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atm); nozzle radius = 0.0825 cm.
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Figure 15.-- Temperature data for normal-gravity
and microgravity laminar propane diffusion flames
at 19% oxygen and 1 arm; volume flow rate = 1.5
cc/sec and nozzle radius = 0.0825 cm; for the
definition of colors see Fig. 4; f is the flicker range
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Figure 16.-- Measured and predicted microgravity
flame heights for different fuels; for the references
cited in this figure, see [4].

0

5

__ 3

z

u-

g/go

10_ 6 10.5 10-4 -3 -2 -I 0 *110 ]0 ]0 lO 10

• I I I I I i I

CH4/air flames

Q • 2 cclsec

rO = 0.0825 cm

P = 1 atan

• : Data

: Prediction

0 _ I i i i ! J ,

- oo -6 -5 -4 -3 -2 -I 0 +I

loft0 (g/go)

Figure18._ Predictedflame heightasa functionof

gravityleveland comparisons with experimental
data; methane-airflames,volume flow rate= 2

cc/see, nozzle radius = 0.0825 cm, P = 1 atm.

lO'2g

10°31

0 4 $ iZ 16 ZO 24 Z8

X {c=)

Figure 17.-- Predicted non-dimensional centerline
velocity (with respect to jet exit velocity) vs. axial
distance along the jet; methane/air flames; nozzle
radius = 0.0825 cm, fuel flow rate = 1 cc/sec,

pressure = 1 atm; reproduced, with modifications,
from [1].
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COMMENTS

Question - (Jerry Ku, Wayne State University): For low flow rates (e.g. 1.5 cc/sec), zero-g flames are much

taller, wider, and open-tipped. At higher flow rates (e.g. 350 cc/sec), zero-g flames arc not much wider and

close-tipped. Is there a good explanation for this observation?

Answer: In general, the microgravity laminar flames (including the 350 cc/scc) are taller and wider than their

normal-gravity counterparts, and have open tips. At higher Reynolds numbers (i.e., in the transitional and

turbulent regimes) the flames are still taller and wider than those in normal gravity, but show a closed tip.

The flame-tip closing may be attributed to enhanced transport.

Qugstion (G. Faeth, University of Michigan: It requires some distance to dcvelop the flow in tttl,cs. What

was the burner passage length-to-diameter ratio of your experiments?

Answer: The ratio of length to diameter is larger than 100.

Question (S. Raghu, State University of New York at Stony Brook): Thc Rcvnolds numbers of the flames

you mentioned in your talk is based on the "cold flow" conditions. One has to bc cautious in interpreting the

fluid dynamic phenomena of stability, transition and turbulence of the flames based on this lqclitit_us cold
flow Reynolds number. Are there any details about the exit mcan velocity profilcs (parabolic t_r top-hat),

and the nozzle shape (contraction ratio, nozzle tip thickness) mcasurcd for your setup?

Answer: The cold-fuel Reynolds number was selected to compare thc flame behavior with the ck_ssical works

on this subject. We do realize that the Reynolds number based on local flow propcrties may significantly

deviate from the jet exit Reynolds number. In our opinion, however the latter rcmains a useful i_arameter in

describing the observed flow phenomena as has been done in the past. As such, we fail to understand what

is meant by a "fictitious" Reynolds number. We used circular nozzles in the range 0.5-1.0 mm inner

diameter. Although no velocity mcasurements were conducted, the large lcngth-lo-dlamclcr rati_ (larger than

100) indicates that the flow is fullv dcvclopcd at the nozzle exit. The nozzle tip was tapcrcd, and the inside
had no contraction.
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STRUCTURE AND SOOT PROPERTIES OF NON-BUOYANT LAMINAR

ROUND-JET DIFFUSION FLAMES N93-20190

Saeed Mortazavi, Peter B. Sunderland, Jongsoo Jurng, and Gerard M. Faeth
Department of Aerospace Engineering

The University of Michigan
Ann Arbor, Michigan 48109-2140

Introduction

The structure and soot properties of nonbuoyant laminar diffusion flames are being studied
experimentally and theoretically in order to better understand the soot and thermal radiation
emissions from luminous flames. The measurements involve weakly-buoyant flames at low
pressures in normal gravity (ng) and nonbuoyant flames at normal pressures in microgravity (I.tg).

Earlier measurements of the structure of nonbuoyant laminar diffusion flames have used drop
towers [I-7]. Measurements have been limited to flame lengths, finding good agreement between
predictions based on the conserved-scalar formalism and measurements, although flame length is
not a very sensitive indicator of model performance. Additionally, limited instrumentation and test
time capabilities of drop towers have inhibited detailed studies of soot processes.

Buoyant laminar diffusion flames have received significant attention [8-20]. However, buoyancy
causes soot to be confined to a narrow soot layer that is difficult to resolve experimentally, while

the path that soot follows as it grows and oxidizes is completely different in buoyant and
nonbuoyant flames [18]. This limits the value of findings from buoyant diffusion flames because
nonbuoyant flames are of greatest practical interest. Additionally, Glassman [17] questions the
existence of a global property like laminar smoke point flame lengths for nonbuoyant diffusion
flames, analogous to buoyant flames, because they have residence times independent of flame
length under the boundary layer approximation. Clearly, the mechanism causing practical
nonbuoyant flames to emit soot is not understood.

Finally, detailed simulations of chemical kinetics have been successful for methane/air flames

where soot concentrations are low [19,20] but analogous methods for soot-containing flames will
require substantial advances in the understanding of fuel decomposition and soot chemistry. An
alternative approach is possible, however, because gas species concentrations in soot-containing
flames are largely functions of the mixture fraction, yielding state relationships that could be used
with the conserved-scalar formalism (the laminar flamelet approach). However, this approach has
not been tested.

Thus, the objectives of the present investigation are to study the differences of soot properties
between nonbuoyant and buoyant diffusion flames, and to evaluate predictions based on the
laminar flamelet approach.

Experimental Methods

Normal-Gravity Tests. Detailed measurements of flame properties are being undertaken at ng,

exploiting the fact that buoyancy scales like p2g in laminar flames, where p = pressure (atm.) and g
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= normalgravitationalacceleration[18]. Thus,flamesat pressuresof O(0.1 atm.)haveeffective
gravitational levels of O(0.01 g) and are weakly-buoyantif they are not too large. Present
measurementswerecarriedout in a windowedchamberusingburnershavingdiametersof 3-10
mm with nearly fully-developed laminar pipe flow at the exit. A co0finuous inflow of fuel and
oxidant, and outflow of combustion products, allows unlimited test times. Thus far,
measurements include dark-field photography for flame shapes, fine-wire thermocouples for
temperature distributions, laser extinction for soot volume fractions, thermophoretic sampling for
soot structure, and wide-band radiometry for radiative heat loss fractions, see [8-15] for
descriptions of these methods.

Low-Gravil-y Tests. Tests at/.tg were carried out to measure the laminar smoke point flame lengths

of nonbuoyant laminar jet diffusion flames at pressures of 0.5-2.0 atm. This involved the NASA
KC-135 aircraft facility using a test chamber that was designed at NASA-Lewis with burner
diameters of 1.6, 2.7 and 5.9 mm, and fully-developed laminar pipe flow at the exit.
Measurements were limited to video and film motion pictures of the flames to find laminar smoke
point flame lengths.

Theoretical Methods

The following approximations were used to analyze flame structure: steady, laminar, axisymmetric
flow; laminar flamelet approximation, which implies equal binary diffusivities of all species,
negligible thermal diffusion, unity Lewis number and attached flames; uniform ambient
environment; ideal gas mixture with a constant Prandtl/Schmidt number; and constant radiative heat
loss fraction of the available chemical energy release. This yields the following governing
equations:

V. (pu) = 0 (1)

V- (_ u u) = pg - Vp + V. (It (Vu + V tiT)) (2)

V.(puO = V . (it V f)/a (3)

where O = density, u = velocity vector, it = viscosity, f = mixture fraction, o Prandtl/Schmidt

number and superscript T denotes the transpose of a tensor. State relationships giving the
composition, temperature, density and viscosity as a function of mixture fraction were found from
correlations of measurements in laminar flames for combustion in air [ 12-14].

Results and Discussion

Flame Structure. Figure 1 is an illustration of predicted and measured flame lengths, L,
normalized by the burner diameter, d, as a function of burner exit Reynolds number, Re. These

results involve ethylene/air flames at atmospheric pressure, with measurements from Haggard and
Cochran [2]. Similar to other evaluations of flame lengths for moderately sooting fuels, the
comparison between predictions and measurements is excellent. Flame shapes and temperature
distributions provide a more sensitive evaluation of predictions and have been studied using low-
pressure flames. Predicted and measured flame shapes for ethylene/_flames at 0,125 and 0_250
atm. are illustrated in Fig. 2 for d = 3 ram, with z and r denoting streamwise and radial directions.
The measurements denote the boundary of the blue portion of the flame, and are terminated where
yellow soot luminosity prevents observation of the blue boundary. The small change of flame
shape as the pressure varies shows that effects of buoyancy are small. The comparison between
predictions and measurements is reasonably good, including lengths, widths and the tendency of
the flames to attach below the burner exit, for a range of burner exit Reynolds numbers. Predicted
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and measuredtemperaturedistributionsof ethylene/airflamesat 0.25 atm. and z/d = 39.2are
illustrated in Fig. 3. Temperatureswere measuredwith thermocouplescorrectedfor radiation
errors. The comparisonbetweenpredictions and measurementsis good except for a slight
overestimationof peaktemperaturesandunderestimationof flow widths.

It is usefulto considerflameresidencetimes,tr, definedasthetimefor a fluid parcelto convect
along the axis from the burnerexit to the flame sheet,in order to interpret smokepoint flame
lengths. Predictionsof tr for nonbuoyantflamesasflame lengthsarevariedfor aparticularburner
diameterare illustrated in Fig. 4. They show that tr is proportional to L, which differs from
behaviorwhenthe boundarylayerapproximationsapply,consideredby Glassman[17], dueto
effectsof streamwisediffusion. Similar predictionswhen the burnerdiameter is varied for a
particular flame length appearin Fig. 5. They show a progressiveincreaseof tr with burner
diameter,which differs from ngconditionswheretr is relatively independentof burnerdiameter
[14]. Another featureof theseresults is the large residencetimes of nonbuoyant flames in
comparisonto buoyantflamesof comparablesize (anorderof magnitudelarger) which implies
ratherdifferent sootreactionconditions.

Soot Properties. A typical example of soot volume fraction distributions in nonbuoyant jet
diffusion flames is illustrated in Fig. 6. These results are for an acetylene flame with an ambient
oxygen mass fraction of 0.75, d = 3 mm, Re = 250 and p = 0.25 atm. An annular soot layer is
evident near the burner exit with soot building up near the axis as the flame tip (ca. z/d = 9.35) is
approached. Soot oxidation extends to the axis beyond the flame tip with soot concentrations
becoming small far from the burner exit for this nonsooting flame. The breadth of the soot-
containing region provides unprecedented spatial resolution in comparison to buoyant flames.

Laminar Smoke Points. Laminar smoke point flame lengths, Ls, were measured for ethylene/air
and propane/air flames at pressures of 0.5, 1.0 and 2.0 atm. Some typical results for propane/air
flames at atmospheric pressure at i.tg, and at ng from [14,16], are as follows:

d (mm) 1.6 (I.tg) 2.7 (_tg) 5.9 (_g) 10.0 (ng)
Ls (ram) 42 38 42 162-169

Findings for ethylene/air flames were similar. There are several interesting features about the
comparison between observations at I.tg and ng. First of all, the nonbuoyant flames exhibit laminar
smoke point flame lengths, in contrast to the conjecture of Glassman [17], because their residence
times vary with flame length as discussed earlier. Secondly, varying d at p.g has little effect on Ls
even though residence times vary appreciably. Additionally, the Ls are roughly four times shorter
at _tg than ng. Finally, residence times at the laminar smoke point are appreciably larger at _tg than
ng, 200-1500 ms in comparison to 40-50 ms. The different soot paths in nonbuoyant and
buoyant flames, and the extended oxidation region of nonbuoyant flames, undoubtedly play a role
in this behavior, although the specific mechanisms are unknown. These results clearly highlight
the substantial differences between the global sooting properties of frequently studied buoyant
diffusion flames and the nonbuoyant diffusion flames of greater practical importance.

Conclusion_

Thus far, the major conclusions of the study are as follows: (1) the Iaminar-flamelet approach
appears to be attractive for predicting the structure of soot-containing laminar diffusion flames; (2)
residence times of nonbuoyant laminar diffusion flames (L/d < 20-30) increase proportional to
burner diameter and flame length, with the latter behavior being caused by effects of streamwise
diffusion; (3) nonbuoyant diffusion flames exhibit much broader soot-containing regions and

109



largersoot-oxidationregionsin comparison to buoy.ant diffusion flames; and (4) the properties of
laminar smoke point flame lengths and residence umes of nonbuoyant laminar diffusion flames
have little resemblance to those of more widely studied buoyant laminar diffusion flames.
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COMMENTS

Question: (Osamu Fujita, Hokkaido University): (1) Are there anv reasons why you choose ethylene as a
fuel?

2) Are the flames you showed in the presentation steady-state or not? According to our rcsuhs, width or

diameter of butane flame become larger with increase in microgravity time, especially when the gas injected

speed is low.

Answer: Our experiment currently involves ethylene and acetylene flames because they have been studied

extensively in the past - particularly ethylene. Future work will address effects of fuel type over a broader

range.

The low-pressure weakly-buoyant flames we are studying in the laboratory are all steady; we can operate

them indefinitely and accumulate data over periods of hours. The low-gravity testsusing the NASA KC-135

facility last 15-20 seconds, which yields stable flame lengths in the absence of disturbances, but arc marginal

as steady-state flames due to limited development times and disturbances. This is the best we can do prior

to space-based tests at microgravity, but we don't believe that this compromises the major conclusions about

differences of laminar smoke-point properties for nonbuovant and buoyant flames.

(C.T. Avedisian, Cornell University): Can you comment oll sensitivity of your predicli_ms to

uncertainties in physical property values?

Answer: Our predictions are sensitive to estimates of the radiative heat losses from the flames due to the

strong variation of transport properties with temperature. Thus, we currently are working on additional
measurements of the distribution of radiative heat losses from the flames to reduce these uncertainties.

Computations for ad hoc variations of properties have been carried out to a limited degree, and ,_uggest that

reduced diffusivities yield proportional increases of flame lengths.
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INTRODUCTION

In a recent paper on "Observations of candle flames under various atmospheres in microgravity"

by Ross et al. (ref. 1), it was found that for the same atmosphere, the burning rate per unit wick

surface area and the flame temperature were considerably reduced in microgravity as compared

with normal gravity. Also, the flame (spherical in microgravity) was much thicker and further

removed from the wick. It thus appears that the flame becomes "weaker" in microgravity due

to the absence of buoyancy generated flow which serves to transport the oxidizer to the

combustion zone and remove the hot combustion products from it. The buoyant flow, which

may be characterized by the strain rate, assists the diffusion process to execute these essential

functions for the survival of the flame. Thus, ' the diffusion flame is "weak" at very low strain

rates and as the strain rate increases the flame is initially "strengthened" and eventually it may

be "blown out". The computed flammability boundaries of T'ien (ref. 2) show that such a

reversal in material flammability occurs at strain rates around 5 sec".

At very low or zero strain rates, flame radiation is expected to considerably affect this "weak"

diffusion flame because: (i) the concentration of combustion products which participate in gas

radiation is high in the flame zone, and (ii) low strain rates provide sufficient residence time for

substantial amounts of soot to form which is usually responsible for a major portion of the

radiative heat loss. We anticipate that flame radiation will eventually extinguish this flame.

Thus, the objective of this project is to perform an experimental and theoretical investigation of

radiation-induced extinction of diffusion flames under microgravity conditions. This is important

for spacecraft fire safety.

PROJECT DESCRIPTION:

For the experimental and theoretical investigation of radiation-induced extinction two simple

geometries are chosen: _ this project started in April 1991]

PREGEDtNG PAGE BLAIqK NOT FILMED
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(i) A spherical diffusion flame supported by a low heat capacity porous gas burner: This is

considered suitable for the/_g experiments and modeling because all the soot formed is

trapped between the burner and the high temperature reaction zone. Here, flame

radiation will be enhanced by soot oxidation which will occur as soot crosses the high

temperature reaction zone. To examine the radiative extinction limit, the following

parameters will be varied: (i) Fuel type (chemical structure) and concentration; (ii)

Ambient oxygen concentration; (iii) Fuel injection velocity; (iv) Ambient pressure.

Temperature and radiation measurements made under these conditions will then enable

us to understand the radiative extinction phenomenon. These experiments will soon

begin in the NASA Lewis 2.2 sec #g drop tower. A schematic of the test apparatus for

these experiments is shown in Figure la and lb.

(ii) An axis-symmetric low strain rate counterflow diffusion flame: This geometry is adopted

for the ground-based experiments and modeling because it provides a constant strain rate

flow field which is one-dimensional in temperature and species concentrations. The

strain rate is directly related to the imposed flow velocity and the one-dimensionality of

this flame simplifies experimental measurements and analysis. Also, there are no solid

boundaries which may quench the flame prior to extinction caused by low or high strain

rates. Experiments on counterflow diffusion flames are currently being performed to

determine the soot particle formation and oxidation rates. Two types of flames are being

investigated: (a) A low strain rate diffusion flame which lies on the oxidizer side of the

stagnation plane. Here, as shown in Figures 2a and 2b, all the soot produced is

convected away from the flame toward the stagnation plane. (b) A low strain rate

diffusion flame which lies on the fuel side of the stagnation plane. Here, as shown in

Figures 3a and 3b, all the soot produced is convected into the diffusion fame. This

enhances flame radiation as the soot is oxidized. This geometry is especially relevant to

the tzg experiments described above. The results of the ground-based experiments are

being used in a transient model to predict the radiative extinction limit and the conditions

under which it occurs.

PROGRESS TO DATE

Although this project started in April 1991, we have made considerable progress on the

following items:

#g experiments: The test apparatus has been designed to produce a spherical diffusion flame

using a low heat capacity spherical burner constructed from porous alumina. A schematic of

this apparatus is shown in Figure la. It consists of a drop frame that contains the test chamber,

ignition system, batteries, electrical control system, and high-speed motion-picture camera. The

diffusion flame is supported by the burner inside a cylindrical test chamber. This test chamber

can be evacuated and filled with any desired gas mixture from below atmospheric pressure to

5 atm. A 5" clear lexan window enables the camera to photograph the spherical diffusion flame.

The fuel flow system, shown in Figure lb, consists of a fuel supply line from the gas cylinder

that is controlled by a metering valve and turned on and off with a solenoid valve. The porous,

spherical burner and other drop rig apparatus components have been successfully tested in

normal gravity conditions. Microgravity testing will begin early in September and will continue

through December of 1994.
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1-gexperiments:The supportingground-basedexperimentshavealreadystarted. Figures 2(a,b)

and 3(a,b) show the two types of flames being investigated. Since the flame on the fuel side of

the stagnation plane is directly related to the spherical microgravity flame, it is being

investigated first. Figure 4 shows the measured soot volume fraction and the temperature
distribution inside this flame. The fuel and oxidizer concentrations and the strain rate for this

flame are 22.9%, 32.6% and 8 sec _ respectively. Figure 5 shows the measured concentrations

of stable gases inside this flame. It is extremely interesting to note that only CO and H2 exist
after the luminous flame zone. These are later burned in the blue flame above the luminous

flame. Also, the CO concentration is greater than 2% and is substantially larger than the

corresponding flame on the oxidizer side of the stagnation plane. This may be an important

source of CO in building fires.

Theoretical investigation: To investigate the extinction limits of diffusion flames, the work of

Linan (ref. 3 & 4) was reviewed and the simple case of a one-dimensional, diffusion flame with

flame radiation is being examined. This model corresponds to the ground-based experiments

described above. As a first step we have assumed zero gravity, no convection, constant

properties, one-step irreversible reaction and unity Lewis number. These equations are being

numerically integrated to examine the conditions under which radiation-induced extinction
occurs. The soot formation and oxidation rates will be obtained from the counterflow diffusion

flame experiments.

FUTURE PLANS

In the near future we plan to focus our attention on the following items:

I. Perform microgravity experiments on spherical diffusion flames for different fuels

and under various atmospheres.

. Continue our work on supporting ground-based experiments at low strain rates to

quantify soot formation and oxidation rates and flame radiation for the same fuels and

atmospheres used in the tsg experiments.

3. Complete our theoretical model for zero strain rate (no flow) flames in microgravity

and identify conditions under which radiation-induced extinction occurs.

. To analyze the experimental results and develop an appropriate theoretical model for

spherical diffusion flames with flame radiation.
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Introduction

Most practical combustion processes, as well as fires and explosions, exhibit some
characteristics of turbulent diffusion flames. For hydrocarbon fuels, the presence of

soot particles significantly increases the level of radiative heat transfer from flames.
In some cases, flame radiation can reach up to 75% of the heat release by combustion
(ref. 1). Laminar diffusion flame results (ref. 2) show that radiation becomes stronger

under reduced gravity conditions. Therefore, detailed soot formation and radiation

must be included in the flame structure analysis. A study of sooting turbulent
diffusion flames under reduced-gravity conditions will not only provide necessary
information for such practical issues as spacecraft fire safety, but also develop better
understanding of fundamentals for diffusion combustion.

Experimentally, full-field laser light transmission and thermophoretic soot particle

sampling techniques will be used to measure flame soot particulate size and number

density. Flame temperature will be measured using full-field two-color pyrometry

and fine-gage thermocouples. These experiments are conducted in a drop tower.

On modeling, the focus is on complete coupling of flame structure, soot formation,

and radiation. The conserved scalar approach based on Favre-averaged governing

equations, k-e-g turbulence model, and an assumed probability density function is
used to predict flow field and gaseous species mole fractions profiles (refs. 3 and 4). A

soot formation model developed by Syed et al. (refs. 5 and 6) will be modified to

predict soot particle volume fraction and number density. The energy equation is

incorporated to provide a full coupling between flame structure and radiation. The
radiative heat flux is calculated from the radiative transfer equation (RTE) for a

finite axisymmetric cylindrical enclosure, which will be solved by the P3 spherical

harmonics approximation (ref. 7).

In this paper, a summary of the work to date and of future plans is reported.
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Experimental Results

Experiments are conducted using a 2.2-second drop rig. The rig is now instrumented

for thermophoretic soot particle sampling and full-field laser light transmission

measurements. Thermocouple and two-color pyrometry measurement are planned.

Details for experiments are reported in another paper in this workshop (ref. 8).

Results were collected for laminar flames first to validate our setup and procedure.

The nozzle has a diameter of 1.7 ram. Propane and ethylene at 1.0 and 1.5 cc/sec are

tested. Micrographs of soot aggregates in 1.5 cc/sec propane-air diffusion flames are

shown in Fig. 1. The significant difference in aggregate size (or number of primary

particles per aggregate) between normal and reduced gravity conditions is noted, and
this has been observed for all fuel and flow rate combinations.

Fig. 2 shows the mean diameter of primary soot particles as a function of height

above nozzle exit. The size distribution, deduced from more than 100 particles per

sample, agrees well with the normal distribution and 95% of the population falls in

+10 nm range. Incipient soot particles are larger under 0-g. This seems to support the

argument that incipient soot starts as liquid droplets, whose dynamics is affected by

the relative dominance of surface tension. Under 0-g, the oxidation stage seems to be

much weaker for the 1.5 cc/sec case, so flames may smoke (i.e., release soot particles).

It is therefore concluded that rates of nucleation, growth, coagulation, and oxidation

are very different between 1-g and 0-g. 0-g data are needed for determining these rate

constants in models. Larger aggregate and primary particle sizes mean that radiation

heat transfer is even more significant under 0-g (ref. 9).

The full-field laser light transmission experiment has been tested for a I-g flame.

Soot volume fraction for a section as tall as 4.5 cm was measured instantaneously

using a CCD camera. Results agree well with point-by-point measurements.

Modelin_ of Turbulent let Diffusion Flame
v

Following the conserved scalar approach, the structure of an axisymmetric turbulent

diffusion flame is modeled using Favre-averaged boundary layer flow equations for

conservation of mass, momentum, and mixture fraction described by Bilger (ref. 10),

and a k-e-g turbulence model proposed by Lockwood and Naguib fief. 11). The

governing equations can be written in a general form as (refs. 12)

_(paO)+ 1 c} 1 ol/" _q)'_7_rr (r#V0)= r-_r _r/_,#., -_-r ) + S, , (1)

where 0 = 1 (continuity), a (axial velocity), [ (mixture fraction), k (turbulence kinetic

energy), e (turbulence dissipation), or g (mixture fraction variance). Favre-averaged

(mass weighted) quantities are defined as _ = p"_/'#, whereas an overbar represents

conventional time-averaging. Details for /_,g._ (effective viscosity) and S_ (source

term) can be found in the references. Buoyancy effects will only be considered in the

mean flow equation, neglecting buoyancy-turbulence interactions.
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Assuming all instantaneous scalar properties are functions of the mixture fraction

only, termed the state relationships, the Favre-averaged mean and variance of scalar

properties can be determined from an assumed probability density function (pdf).

The mixture fraction is described as the mass fraction of fuel atoms anywhere in the

flame and by virtue of its definition it is invariant with chemical reaction (so it is a

conserved scalar). This allows the fluid mechanics to be decoupled from chemical

reactions, and it is a good approximation if the rate of chemical reaction is limited by

turbulent mixing and not by chemical kinetics (i.e. fast chemistry at equilibrium)

and the diffusivities of all species and heat are equal.

The system represented by Eq. (1) is solved using a block-tridiagonal code written by

Chen (ref. 13). Major gaseous species concentrations are then calculated based on the

state relationships constructed from thermodynamic equilibrium (adiabatic flame)

calculations using STANJAN (ref. 14) and a fl-pdf. This has been found accurate for

nonluminous and fuel-lean regions of luminous flames, but fails for rich regions of

luminous flames. For better accuracy, the laminar flamelet approach (refs. 15 and

16), with the state relationships constructed from laminar flame data, may be used.

Modeling of Soot Formation and Oxidation

Compared to gaseous specious, soot inception is a much slower reaction, and soot

particles have very different diffusivities. In addition, soot particles are subjected to

turbulent mixing, thermophoretic forces, and strong radiation heat transfer effects.

The structure analysis outlined above has been extended to model soot formation

and oxidation. Magnussen and Hjertager (ref. 17) introduced rate equation models

for both nucleation (based on number density) and surface-growth (based on mass

concentration) stages. They used an energy equation in the form of Eq. (1), with the

source term for radiation, which is calculated using a two-flux model. Gore and

Faeth (ref. 4) constructed state relationships for soot volume fractions from laminar

flame data, and for temperature from equilibrium combustion calculation with a

fixed fraction of chemical energy release lost by radiation. Kent and Honnery (ref. 18)

found that the state-relationship approach for soot volume fractions may work in

the top oxidation portion of the flame, where turbulent mixing dominates, but not

the lower inception portion, where chemical kinetics dominates. They calculated

the temperature from an energy equation with a radiation term of [-ecr(T 4 -T4.)/t].

It is believed that the rate-equation model approach is more accurate for predicting

soot formation and oxidation. Kennedy et al. fiefs. 19 and 20) applied Eq. (1) for soot
volume fraction in laminar diffusion flames. The soot volume fraction source term

was replaced by rate equation models derived for nucleation, growth, and oxidation

with an assumed average number density. An energy equation similar to that in

Kent and Honnery (ref. 18) was used. The model predicts peak soot volume fractions

fairly accurately, but not their radial distributions. We adopt a two-equation model,

derived by Moss et al. (ref. 6) and Syed et al. (ref. 5), for soot number density (N) and

volume fraction (f_). The model agrees well with measured fiat (Wolfhard-Parker)

diffusion flame data. The model has been modified (ref. 21) to couple with reduced
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chemical reaction mechanisms, and successfully predicted radiation heat transfer

from a turbulent reacting jet in a cross-wind (ref. 22).

Since the model applies Eq. (1) to describe the transport of soot particles in terms of

Favre-averaged number density and volume fraction, it can be easily incorporated

into the reacting turbulent free-shear flow code. Rate equation models, representing

nucleation, surfaced growth, coagulation, and oxidation, are used in source terms as

= t,oJ t, J
(2)

(3)

where n0 = 6 x 10 _ is Avogadro's number and p, is the mass density of solid carbon

(typically 1.8-2.0g/cm3). The rate constants a, t, y, and _ are modeled in terms of

mixture density _, activation temperatures To and Tr, and fuel mole fraction X,, as

a = C_'_2TI'2X_ exp(-T,_lT) ,

''2 ,

y = Cr-fiTmX, exp(- Tr/T),

X = Cx TmXo, exp(-Tz/T),

(4)

(5)

(6)

(7)

wherein coefficients and temperatures are determined from experimental data. In

Eq. (7), Xo= = XoH if f ___0.064 (fuel-rich), and Xo, = 0.045Xo, if f < 0.064 (fuel-lean). The

effective viscosities are given in the form of

-dG k21 
/_¢.+ =/R..a, = , (8)

(3"# 0"#

where a, are determined from experimental data and C, is the same as that for a.

Flame Radiation Heat Transfer Calculation

Radiation is fully coupled with flame structure analysis through an energy equation

given in the form of Eq. (1) with q) =/t (total enthalpy) and S# = -V. q,,a. Turbulence-

radiation interactions are neglected. Gore et al. (ref. 23), using a multi-ray method to

calculate the radiative heat flux q,,._, showed that the coupled analysis predicts more

accurately than the uncoupled one. However, their work neglected the scattering by

soot particles, but accounted for the effects of turbulence-radiation interactions.

The radiative transfer equation (RTE) for axisymmetric finite cylindrical enclosures

such as for jet diffusion flames can be expressed as (ref. 7)

1 _ 71
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co f_-f- ¢(0,¢,e ,_ )sin e'do' _'+4ztJ0 Jo l(r,O,q_,z) " " ' " . (9)

Here, the subscript ;t d.__noting spectral quantifies has been left off, I is intensity (with

subscript b for blackbody), 13 is the extinction coefficient, to is the single scattering

albedo, _,r/, and/.t are direction cosines, and O is the phase function. Both fl and to are
functions of position (r, z) for axisymmetric diffusion flames.

Menguc and Viskanta (ref. 7) derived a solution using the P3 spherical harmonics

approximation with the delta-Eddington approximation for the phase function. For
soot agglomerates, the phase function can be better approximated by a third order
Legendre polynomial series (ref. 9) given as

]

• (0,¢,0",¢') = 1+ _a. P.(cos _), (10)
sill

where _ is the scattering angle and cos Ig = ¢¢'+ r/r/"+ p/.t', and coefficients a. are to be

determined. Applying the spherical harmonics approximation, the model equations
are obtained by employing the following integrations

f02"[" [Equation (9)]Y:" sin 0do _ (11)
.tO

for n = 0, 1, ... N and rn =-n, -n+l, ... n, with N being the order of the PN approximation.

The spherical harmonics Y" (superscript * denotes the complex conjugate) can be

replaced with multiples of direction cosines. Define the moments of intensity as

I0(r, z) = f2,,[,, l(r, O, O, z) sin OdO _ (12a)
•tO dO

I"k(r'z)=_o Jo (_tj .. t_)I(r,O,¢,z)sinOdo d$ , (12b)

where each of the direct,:on cosines t_, gj, and t, is _,r/, or p . Physically, the zeroth

moment is the total incident radiation, whereas the first moments are radiative heat

fluxes along the coordinate axis. The divergence of radiative heat flux vector, which

appears in the energy equation, can then be calculated from

V. _,_ =/3(1 - co){4zlb[T(r,z)]- lo(r,z)} - S(r,z). (13)

After some manipulations, results obtained from Eq. (11) can be combined into four
coupled elliptical partial differential equations for I0, Its, I33, and I_3. The model
equation for is given as

where B's are functions of a, and oJ, v = flro, AI is a function of B, v, Im Inn, and It3, and

F is the derivative operator. These model equations, together with 16 Marshak's

boundary conditions derived for diffusely emitting and reflecting opaque boundary,
are solved numerically using a solver called ELLPACK (ref. 24).
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To incorporate radiation calculations into the overall flame structure analysis, there

are two major difficulties to be overcome. First is that equations for the moment of

intensity such as Eq. (14) are elliptical, whereas equations represented by Eq. (1) are

parabolic. It seems impossible to solve both systems simultaneously. An alternative,

which we are testing now, is to iterate between these two systems until the results

numerically converged. The second difficulty is on modeling the spectral radiative

properties for integrating the RTE over the spectral range. We will first follow the

wide-band approach used by Song and Viskanta (ref. 25).

Preliminary. Results and Discussion

We first tested the flame structure and soot formation/oxidation predictions against

results in Kent and Honnery (ref. 18) for an ethylene-air turbulent diffusion flame

(nozzle diameter D = 3 ram, exit velocity U0 =52 m/sec, Re_ =9615). Good agreement

was found for mixture fractions. Fig. 3 shows the comparison for the temperature

along the centerline and radially at x/x,,= 0.4, 0.7 0c_,= 115D). The dashed curve is from

adiabatic combustion calculation, and the solid curve from a correction (ref. 21)

r=G , (15)

where T,_ is the adiabatic temperature, 7",,,, is the maximum adiabatic temperature,

and 0.09 <b < 0.15. Even Eq. (15) still over-predicts at the flame tip and outer edge.

This demonstrates the importance of including the energy equation and detailed
radiation heat transfer calculations.

Fig. 4 shows that the soot formation/oxidation model predicts soot volume fraction

accurately. The over-prediction near the outer edge is caused by that of temperature.

Fig. 5 shows the temperature and soot volume fraction contours, calculated using

the same rate coefficients, for one of our test conditions (ReD = 536, Re, --- 7400). The

temperature contour shows a much taller and wider 0-g flame, as expected. The 0-g

flame soot volume fraction contour is obviously unreasonable, since different rate

constants are needed as concluded from laminar flame data. A reasonable prediction

is possible by decreasing the level of oxidation for 0-g, which agrees with laminar

flame results. 0-g measurements are needed for determining the rate constants.

The implementation of a iterative process between the RTE and the flame structure

solvers has not been completed. Some numerical problems have been experienced,

which are believed to be caused by zero _ in part of the cylindrical enclosure where

there is no flame. Fig. 6 shows the results of a forward calculation of the terms in the

energy equation. Referring to Eq. (1) with ¢ =/q and S, = -V- q,_, those two terms on

the left are convection terms, and the first term on the right is conduction with the

last term being radiation. The first three terms are calculated using total enthalpy

from the adiabatic combustion calculation for 1-g. The last term is calculated using

the temperature from Fig. 5 with an assumed uniform soot volume fraction of 10 8.

It is clear that all these terms are of about the same magnitude, and the radiation
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term depends strongly on location. This confirms the importance of incorporating

detailed radiation calculation into the flame structure analysis.

The modeling can be improved by accounting for interactions between turbulence

and radiation (refs. 12 and 25), and between turbulence and buoyancy (ref. 22). The

latter should be an important factor between 1-g and 0-g conditions.
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(a) 1-g flame, 40 mm HAB 0.3 IJ.m

(b) 0-g flame, 80 mm HAB 1

Figure 1 Micrographs of soot aggregates in 1.5 cc/sec propane-air laminar diffusion

flames under (a) normal, and (b) reduced gravity conditions. (1.7 mm nozzle dia.)
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COMMENTS

Question (J.P. Gore, Purdue University):

(1) What is the magnitude of turbulence-radiatlon interactions, and what is the justification fl_r neglecting

this effect in preference to scattering? Scattering is more important in optical diagnc_stics in the visible

rather than in the thermal radiation term in energy equations.

(2) The effects of joint probability distribution functions between mixture fraction and enthalpy are

important. Do you plan to model these?

(3) Are the soot volume fraction data from Kent and Honncry (1987) path-integrated eqnivalcnl

measurements? If so, how is the cornparison with predictions made?

(4) Chemical equilibrium calculations are not in agreement with measurements on the fuel-rich side. Should
the model be improved in this aspect?

(5) In vour verbal response you mentioned that there arc other unccrt:fintics such as refractive indices of

soot. However, work reported in the litcraturc has shown that items (1), (2) and (4) above have a vcrv

strong (even order of magnitude) inl'luencc on radiation heat loss. tn my opinion, Ihese need to be
addressed with priority.

Answer: (1) There is no attempt at this point to model or estimate the magnitude of turbulence-radiation

interaction, or to justify that it is negligible. The turbulencc-radiatitm intcraclion is not included duc to ils

complexity and the lack of definitive information about its effects. On the other hand, Ihe scattering effects

have been shown to be significant (Rcf. 9) and can bc dealt with in our radiation heat transfer calculations.

(2) Wc agree that the effects of joint pdf between mixture fraction and cnth,dpy arc imporlant and should be

includcd in the model. Howevcr, this will not bc our focus. Instead, wc plan Io follow w_rks in existence,

such as those by the commentator (Rcf. 23), and those developed in the future.

(3) Wc bcticve that soot volume fraction data in Kent & Htmncrv (Rcf. 1S) arc local vahLcs, instead of path-

integrated. The last sentence in the sccond paragrapla in Experimental Prt_ccdure states that horizonlal

Iraversing and Abel inversion were applied to exlract local extinction data.

(4) Yes. We will improve this aspect of the model by using the laminar tlamelct m¢_tlcl, as indicated in the

paper.

(5) One may argue that soot refractive index data are fairly accurate in the visible wavelengths, cvcn though

we are not perfectly convinced of that. Howcvcr, it is fair to say that data in the infrared arc highly

questionable. Since there is no directly related analysis on the effects of this uncertainty, we plan tc)

investigate this aspect more quantltativcly.

Question: (Ivan Carton, UCLA): In transport processes, one is usually intcrestcd in number density and a

mean diameter. Your electron mlcrographs show shapes as far from spherical, and onc has to wonder what
the "mean diameter" represents.

Answer: We consider soot particulates as aggregates of near-spherical primary particles. The shapes, as

referred to in the question, are shapes of aggregates. The mean diameters, as referred to in the paper, are

mean diameters of the near-spherical r_ particles.
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Introduction

The visualization and imaging of flames has long been acknowledged as the starting point for learning

about and understanding combustion phenomena. It provides an essential overall picture of the time
and length scales of processes and guides the application of other diagnostics. It is perhaps even more
important in microgravity combustion studies, where it is often the only non-intrusive diagnostic
measurement easily implemented. Imaging also aids in the interpretation of single-point measurements,
such as temperature, provided by thermocouples, and velocity, by hot-wire anemometers. This paper
outlines the efforts of the Microgravity Combustion Diagnostics staff at NASA Lewis Research Center
in the area of visualization and imaging of flames, concentrating on methods applicable for reduced-
gravity experimentation. Several techniques are under development: intensified array camera imaging,
automated object tracking hardware and software, reactive Mie scattering, infrared emission imaging
and two-dimensional temperature and species concentrations measurements. A brief summary of results
in these areas is presented and future plans mentioned.

Qualitative Visualization

In many microgravity combustion studies, the systems of most interest lie near the limits of
flammability, ignition, or stability, and typically have a dim, blue flame. Difficulties in detecting and

imaging these flames using conventional photographic media or video cameras motivate the examination
and demonstration of advanced imaging techniques. One approach we have explored is the use of
intensified array cameras based on both charge injection device (CID) and charge coupled device (CCD)
arrays. The camera contains a microchannel plate intensifier consisting of a photocathode, which
converts the photons entering it from the lens into electrons; a microchannel plate, which multiplies
the number of electrons; and a phosphor anode, which converts the electrons back into photons. The

luminous sensitivity of the camera is increased thereby as much as four orders of magnitude and allows
a faceplate illuminance of 10_ to 10s lux to be detected. Photocathodes sensitive in the visible to near-

infrared from 400 to 900 nm and in the ultraviolet from 250 to 650 nm are in use. The output from
the camera is available as a RS-170A video signal.

Intensified array cameras have been demonswated in our 1-g laboratory by imaging several combustion
systems, specifically, dilute premixed hydrogen flames, low-pressure gas jet diffusion flames, premixed
Bunsen-type flames, solid surface, and low-pressure droplet burning. Results have been obtained using
both the visible to near-infrared and ultraviolet photocathodes. Examples of some of these flames are
shown in Fig. 1 and 2. Dilute mixtures of hydrogen and air (7% hydrogen) have been imaged by both
cameras without the addition of a Halon colorant, previously needed to detect the flames using
photographic film., The image shown in Fig. 1, obtained with the visible to near-infrared camera, is
stronger than that obtained using the ultraviolet camera. The cameras are detecting light from different
emitters: the visible to near-infrared detects the emission in the near-infrared from the hot water

produced in the flame, but the ultraviolet camera detects light from the OH radical centered at 308 nm.
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The camera is also able to detect a small, laminar, hydrogen gas jet diffusion flame burning at a total
pressure of 100 Ton', which is invisible to the eye. Both cameras have also imaged premixed Bunsen-

type methane flames with bandpass filters. Several images of this flame are shown in Fig. 2.

tn a reduced-gravity demonslration, an intensified CID camera imaged weakly luminous flames
spreading over thermally'thin paper samples aboard the NASA Learjet [1]. The camera observed the

flames for ashless later paper samples and laboratory wiper samples burning in quiescent, 21 and 18
percent oxygen environments. Most of the flames would have been difficult to detect using film.
Attempts in 1-g to use lower pressure and higher oxygen concentrations to emulate the reduced-gravity
combustion were not successful as the flames burned much brighter in l-g, pointing out the dramatic
changes which occur upon greatly reducing buoyant convection. In another reduced-gravity use,
premixed hydrogen gas mixtures similar to those in Fig. 1 were imaged using an intensified CCD
camera aboard the NASA KC-135A [2]. Heretofore unseen and unpredicted flame structures and
behaviors were observed. The use of such a camera is now being planned for a proposed space-
flight experiment to further study these flames.

Another type of qualitative visualization which provides an indication of the location of the reaction
zone in a flame is reactive Mie scattering [3]. Laser light scattering centers are created in situ by
seeding the flame with a reactive compound, such as titanium tetrachloride. This material reacts with
water produced in the reaction zone to produce particles of titanium dioxide. The light scattered from
a laser light sheet by the particles can be imaged onto a detector. This technique was tried in 1-g for
small methane and hydrogen gas jet diffusion flames having flow rates typical of those used in previous
microgravity studies. With an argon ion laser for the light sheet source, a narrow-band interference

f'dter at 488 nm, and a intensified CID camera, a significant amount of seed, 4).1% of the total fuel
flow of 160 sccm, was required to obtain an acceptable signal. A change in flame color suggested an
effect on flame chemistry, although flame emission spectra were not quantified. Others have used this
technique for the visualization of transitional and turbulent flame structures. Those flames had much

higher total flow rates, and were only slightly perturbed by the production of the particles and hydrogen
chloride, as evidence by a 60 K depression in the stoichiometric temperatures [3]. The formation of
hydrogen chloride and subsequent problems with corrosion and venting will likely preclude tim use of
this technique in the reduced-gravity facilities, although the use of titanium isopropoxide, which does
not produce HC1, is being considered. The use of a pulsed laser source for the light sheet is also
being explored, as a means to reduce the background flame emission by gating of the camera to match
the laser pulse length.

A major advancement in our capability to use non-optimum film or video images has been the
development of a system for the automatic and semiautomatic tracking of objects on film or video tape
using a color image processing and object tracking workstation [4]. The system components include
a 16-ram film projector, a lens system, a video camera, an S-VHS tapedeck, a frame grabber, and
computer-based storage and output devices. Tracking software has been developed to control the

system via a computer. The program controls the projector or tapedeck frame incrementation, grabs
a frame, image processes it, locates the feature of the object being tracked, and stores the coordinates
in a file. The image processing that can aid in the analysis include selective thresholding, gradient and
Laplacian filtering for edge detection, line histogram equalization to eliminate an uneven background,
and multi-frame averaging. Applications of the system include tracking the propagation of a flame
front over condensed-phase materials in microgravity and tracking the movement of a liquid-gas
interface from a nearly invisible meniscus. The system also can be used for objective color
characterization, such as that exhibited by the different color regions in a methane diffusion flame.
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Infrared Emission Imaging

As mentioned above, many of the interesting flames found in microgravity studies are too weakly
luminous in the visible portion of the spectrum to be easily seen by conventional film-based or video

cameras. Although flames are not in complete thermal equilibrium, a large portion of their radiant
energy is emitted as infrared radiation [5], which may be detected by infrared-sensitive devices.
Visibly-clear flame gases emit in an infrared spectrum of discrete bands from hot combustion products.
The mid-infrared emission occurs primarily from carbon dioxide at 2.8 and 4.3 microns and from water

at 1.8 and 2.7 microns. The intensities and shapes of the bands depend on the temperature and
composition of the combustion products. Measurements of temperature and concentration contours are
desirable for making a comparison between the observed flame and model calculations. Fuel-rich
mixtures also may contain soot, which emits broad-band radiation.

Until recently, the most common infrared cameras have been either single element or linear array
detectors. For best detectivity, the detector element is cooled to cryogenic temperatures. The detector

element may be combined with scanning optics to provide an expanded field-of-view and spatially-
resolved images. These cameras possess some disadvantages for combustion diagnostics. For example,
they contain moving parts in the scanning optics, which often produce a smeared image of a moving
object. In addition, they are useful primarily for thermography of solids or liquids such as pools,
which have known or measured emissivities, and not as useful for the detection of gas phase emissions
because of the non-grey-body emissivities. They often give data output in temperature units rather than
the intensities needed for spectral data analysis.

Newly developed cameras such as those based on platinum silicide or indium antimonide possess many
qualities making them suitable for application to combustion diagnostics. They are sufficiently sensitive
in the near- and mid-infrared spectral region of 1 to 5 microns to detect the infrared emissions and are

true two-dimensional, solid-state, staring arrays. The output may be digital or a RS-170 video format

suitable for display on a monitor, digitizing by a frame grabber, or recording on videotape for
immediate playback or future analysis.

A low-resolution (128 x 128 pixels) platinum silicide camera has been used for our laboratory studies,
although cameras with higher pixel counts are available at a significantly higher cost. The camera has
a 100 mm focal length lens and an integration time of 1/30 sec. The bandpass filter supplied with the
camera transmits wavelengths from 3 to 5 microns. An image obtained of a methane diffusion flame
is shown in Fig. 3. The flame height as visible to the eye is 5 crn, but the camera is able to detect
the structure of the invisible hot gases rising several cm above the flame.

Experimental work to obtain spatially- and spectrally-resolved infrared images has occurred in two
areas. First, a monochromator having an infrared grating and detector has been acquired and will be
used to acquire an infrared emission spectrum of the flame in order to identify the wavelength regions

of interest. Some bandpass filters have already been identified and will be used to obtain spectrally-
f'dtered images. Second, a contract under the Phase I Small Business Innovative Research program has
resulted in the design and construction of an infrared imaging spectrometer. The spectrometer has
demonstrated the ability to resolve wavelengths from 3 to 5 microns with 15 nm resolution for a
propane/air torch flame.

The inversion of spatially- and spectrally-resolved infrared images to obtain species concentrations and
temperature profiles still remains a major effort. It involves two parts: computerized image
reconstruction using tomographic algorithms, and the analysis of infrared emission spectra. The medical
industry has advanced the development of tomographic algorithms, which are being applied to
combustion data [6]. Two main classes of algorithms, Fourier transform and iterative, are used. The

analysis of infrared emission spectra is complicated by the fact that infrared emitting species also

absorb and the path of the light from the emitter to the detector must be considered. Computer codes,
such as the Aerodyne Radiation Code (ARC), have been developed to predict infrared spectra [7]. The
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ARCcalculatestheinfraredspectralsignaturesof rocketandaircraftexhaustplumesalgnga line-of-
sightandincludesmolecularandparticulateemissionandabsorptionandchemilumineseentemission.
Suchcodesmay be useful for microgravitycombustion.Oneof the goalsof this researchis to
investigatecombiningcodesuchasthis with tomographicalgorithmsfor simplecombustingsystems
to obtainthree-dimensionalspeciesandtemperatureprofiles.

Theacquisitionof imagesof knownemissivityradiators,suchassootor thinceramicfibersplacedin
the flame,offersanotherpossibilityfor obtainingtemperaturefield measurements.The emissionas
seenthroughtwo or morenarrow-bandfilters is fit to a Planckdistributionfunctiorito yielda ratio
temperature.Sootmeasurementshavebeenstudiedextensivelyin the pastanda bodyof literature
existsfor reference.Pointandlinemeasurementsusingthinceramicfibershavebeenreportedusing
fast response,near-infraredlineararrays[8]. Ceramicfibergridsarealreadybeingusedsu_fully
in the droptower for the qualitativeassessmentof thetemperaturedistributionin gas-jetdiffusion
flamesandan individualfiber is beingusedas a tetherandtemperatureindicatorfor an isolated,
combustingdroplet.
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Two-dimensional Temperature and Species Measurements Using a Solid-State Laser Source

Two-dimensional measurements of temperature and species concentrations in combusting systems are
of special value [9]. While various single-point (in time and space) methods have received considerable
attenti)n, knowledge of the instantaneous overall flow field is preferable, especially in turbulent or

rapidly-evolving flow fields. The acquisition of many single data points does not always allow
reconstruction of the flow field and is restricted in microgravity combustion studies by the limited
experimental time and/or laboratory availability. Both molecular Rayleigh scattering and planar laser-

induced fluorescence CLIP') have been used as imaging techniques and to provide temperature and
species concentrations measurements.

Rayleigh scattering is an elastic scattering process, whose signal depends on the incident laser
frequency, the molecular composition, and the number of scatterers. As the frequency of the light
detected from all scatterers is the same as that of the incident laser light, the technique lacks species
specificity. It suffers from interference from scattered laser light and Mie scattering from particles, but
has a relatively high signal strength compared to other laser-based diagnostics. Rayleigh scattering is
used for total density measurements, which can be related to temperature. LIF is used to detect an
atom or molecule detecting fluorescence from an excited electronic state following the absorption of

laser light. Species specificity is provided by tuning the laser wavelength to an absorption transition
and selecting the observation wavelength, which may be the same as or shifted from the laser
wavelength. Key combustion intermediates found near the flame front in the parts per thousand to
parts per million, such as OH and CH, can be imaged using a planar light sheet. Quantitative
measurements can be made but aremore difficult. LIF can be used to measure temperatures by
scanning the laser over several rotational transitions originating from different rotational levels having
temperature-dependent populations.

Both techniques benefit from a laser source with a short pulse length and high peak power. LIF
requires a tuneable laser source in the blue and ultraviolet. Rayleigh scattering measurements also
benefit from a tuneable source, since the wavelength may be tuned away from flame emissions. Most
currently-available laser souw_s used for laboratory-based, two-dimensional measurements are unsuitable
for low-gravity and space flight applications for a variety of operational and safety reasons. Dye lasers
use flammable solvents and toxic laser dyes which have only a finite lifetime. Excimer Iasers use
corrosive gases such as hydrogen chloride or fluorine, which must also be changed regularly. These

lasers are also quite large and require much operator interaction.

The rapid development of pulsed, solid-state lasers based on titanium:sapphire offers a probable solution

to the problems outlined above. Laser action in the titanium:sapphire crystal was first reported in 1982
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and the material was developed rapidly into a laboratory device [10]. Continuous-wave lasers have
been available from several vendors for several years and, recently, pulsed laser systems were
introduced. The titanium:sapphire laser is broadly tuneable from 700 to 1000 nm. The production of
blue and ultraviolet light useful for combustion diagnostics from such a laser by frequency conversion
was demonstrated under a Phase I SBIR contract monitored by NASA Lewis in 1990 [11].

Acquisition of a laser system capable of performing the diagnostic measurements described above is

in progress. Development and demonstration of these techniques using this laser source is an important
step towards bringing the level of diagnostics commonly available to microgravity combustion research
up to that available in other government, university, and industrial laboratories. The system will serve
as a prototype for the future and will place the development of microgravity combustion diagnostics
at the forefront of this rapidly evolving technological area.
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Figure 1. Image of a 7% hydrogen in air
premixed flame obtained using a visible to
near-infrared intensified array camera. The
image is at 0.2 sec following spark ignition in
a closed vessel.

a) b)

1 cm

Figure 2. Images of a Bunsen-type,
methane/air jet flame using an ultraviolet to

visible intensified array camera. The images
are obtained using interference filters centered

at a) 307 nm and b) 431 mn and having a

bandpass width of 10 nm before the camera.
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Figure 3. Image of a methane gas jet
diffusion flanle obtaincd using a platinum
silicide infrared array camera.
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Abstract

During FY 1989-1992, several diagnostic techniques for studying rrticrogravity combustion have

moved from the laboratory to use in reduced-gravity facilities. This paper discusses current

instrumentation for rainbow schlieren deflectometry and thermophoretic sampling of soot from gas jet
diffusion flames.

I. Rainbow Schlieren Deflectometry

Knowledge of the temperature field surrounding a combustion event is typically desired,

particularly in microgravity combustion studies, to assess the relative importance of buoyancy. While

temperature information may be obtained by intrusive devices such as thermocouples, this can significandy

perturb a reduced gravity flame. Therefore, optical methods are preferred, with interferometry the most

common approach. Interferometry is not without its drawbacks: temperature must be calculated from

refractive index data, which are not always available, optical elements, paths and path lengths must remain

fixed to a nigh degree of accuracy and visualization is difficult. One method of addressing the latter

problem is the use of a grey-scale schlieren system, but the eye is relatively insensitive to grey scale

differences. By replacing the Schlieren knife-edge with a color bar filter continuously varying in hue and

the typical monochromatic source by a white light, gradients in the refractive index field are displayed

as colors in the final image _2. Howes has shown 34 this technique is as sensitive as Mach-Zehnder

interferometry. Greenberg 5 et al, utilize computer generation of filters and processing of the image to

obtain accuracies as good as those available with interferometry with the added benefit that requirements

on optical path length and element stability are greatly relaxed. While the final information is given in

terms of a refractive index, some knowledge of the combustion constituents and products allows

calculation of temperature profiles. Due to these advantages, we have pursued development of this
technology.

A schlieren optical system featuring off-axis parabolas (OAFs) is detailed in Figure 1. Due to

the nature of schlieren optics, the collimating/decollimating mirrors are larger than the field of regard.

As the field is increased, the cost of OAFs can rise dramatically. In addition, they present interesting

alignment challenges. While the aforementioned difficulties do not necessarily preclude the use of OAFs,

we have also pioneered the development of schlieren systems whose collimating mirrors are rotationally
symmetric but are tilted with respect to the optical axis passing through the test section. 6 The primary

mirrors may have either a spherical Or parabolodial figure while catalog lenses correct the tilt-induced

aberrations. All lenses have a broadband antireflection coating due to the large number of air/glass

interfaces present.

Final complications in the design of these systems relate to the spatial and spectral properties of
the fiber-optically coupled arc lamp that is used as a light source. With the sensitivity of a Rainbow

Schlieren device proportional to the focal length, our systems had a F number as high as 30; most fibers

emit light into an F-cone of roughly 2.5. Therefore, in one of our systems we place the fiber at the front

working distance of a well-corrected microscope objective, which converts the F number to approximately

20, conserving sufficient throughput for the system to function properly.

Quantitative color hue measurements require a rugged source that is spectrally stable with time

and has a uniform spectral intensity. We use a fiber-optically coupled arc lamp from 1LC Technology.

In this device, a feedback-stabilized xenon arc placed at one focus of an ellipse is coupled into a

cylindrical sapphire waveguide at the other focus. The output end of the waveguide is polished to a radius
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of curvature that produces a focus with a numerical aperture that matches most fibers, although the spot

produced is less than optimal. This lamp has the unwanted property of generating large amounts of

infrared radiation relative to the amount of visible light, which mandates attention be given to thermal

loading in the arc lamp housing. We have experienced failure of the fiber coupler on one of our

, experimental rigs due to extreme heat loads.
=

Hue stability of the source is directly related to calibration requirements of the instrument. Since

we interpret hue shifts as a ray deviation from a refractive index gradient, a change in the color output

with time increases the amount of deviation required to observe a change in hue greater than the RMS

noise. Our source tends to exhibit long-term drift over a period of approximately four hours. Therefore,

any calibration older than roughly four hours exhibits somewhat decreased accuracy.
The concept of calibration ties together two issues: filter linearity in hue shift and filter fabrication.

In the optimal case, a change in position of a ray striking the filter relates linearly to a change in hue as

interpreted by the optical system. We represent color via utilization of the tri-stimulus values of red, green

and blue in a Hue Saturation Intensity (HSI) model. Throughout its range, the filter changes hue
continuously while remaining fully saturated. In fabricating a filter, we begin at one edge with red and

progress around the HSI cone, while remaining at a constant intensity and saturation level. Due to the
circular nature of the model, colors on the extreme ends of the filter are the same. When the hue has

completed a full cycle, saturation is gradually reduced until all three colors contribute an equal amount

producing a white band which appears on both ends of the filter. We use two methods to produce a filter.

The pattern may be photographed on 35 mm slide film from the display of a high-resolution computer

monitor. When taken as a single exposure, the background is black, which acts as a low-pass filter,

reducing resolution in the final image. A double exposure which creates a clear background eliminates

that problem. Alternatively, we can create digital set of values to describe the filter and from this set, a

computer group at Lewis can produce slides.

The preceding discussion deals only with the fabrication of a filter in an ideal system. When such
a filter is placed in an actual device with an empty test section, the non-uniform film sensitivity combined

with uneven source and instrumental spectral transmission profiles result in a nonlinear variation of hue.
To correct this problem, the filter is placed in the actual system and a spot is scanned across the filter and

the hue recorded as a function of position. Our custom software then transforms the prescription for the
original filter to one that, while irregular in an absolute sense, creates a linear hue variation when used

in that specific system. An added complication is that the light source varies spectrally over the period

of a few hours and exhibits long-term drift. While this reduces the accuracy of the measurements, we

resolve gradients to roughly 0.2%. Given other uncertainties in the system, errors produced from source

drift are rarely the limiting factor. However, new filters can and should be fabricated at regular intervals

of lamp usage and when the lamp is replaced.

The final image of a rainbow schlieren system may be stored on video tape for later viewing and

also as a data source for programs which invert the data and produce a quantitative refractive index field.

We do not find the noise floor of the video system to be the limiting factor in the accuracy of the data.

Video tape decreases the spatial resolution available, but does not have a large effect on the signal-to-noise

ratio. We also observe that the CCD camera and transmitter generate no measurable increase in the noise
floor.

In the use of a rainbow schlieren system, the size of the filter must be chosen to match the

expected ray deflections. As the magnitude of the refractive index gradient grows, the ray displacement
in the filter plane increases as well. Typically, we measure angular deviations on the order of two

miUiradians, which determine the size of the filter. While some researchers request angular deviations as

large as eleven degrees, this is generally not a realistic number for a rainbow schlieren system for two

reasons. First, filter size, generation and mounting become difficult, if not impossible. Second, the

accuracy of the measurements can be severely degraded due to the presence of coma in the system. Rays
parallel to the optical axis suffer only from spherical aberration, while those propagating at some angle

with respect to the optic axis are generally affected by other aberrations, the magnitude of which varies
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with the correction included in the optical design and fabrication tolerances. As coma is introduced,

accuracy suffers because coma may be thought of as a variation of focal length across the field. Since -:

knowledge of the focal length is required to calculate the refractive index distribution, the effects of coma
must be considered.

Finally, we use filters somewhat larger than that required by the predicted ray deviations. As rays

approach the edge of the filter, care must be taken to avoid interpreting the cutoff region as data. To

avoid this problem, we reject any data close to the edge.

I1. Soot Diagnostics

Diagnostic efforts in the study of soot have been directed toward determining size distribution and

number density of soot within gas jet diffusion flames. To this end, we have demonstrated thermophoretic

sampling in both 0 and 1 G laboratories and have performed imaging light extinction in 1 G.
Thermophoretic sampling is well established as a useful method for studying soot 7tl in numerous

types of flames. This technique consists of inserting Transmission Electron Microscopy (TEM) grids in

the sooting region of a flame long enough to allow no more than ten percent of the surface to be covered
with soot. TEM Photos of the aggregates are then digitized and computer processed to determine primary

size distribution and aggregate dimensions. We implement this technique in a rig utilized in the 2.2

second drop tower at the NASA Lewis Research Center.
A simulated microgravity diffusion flame is illustrated in Figure 2 with a flow directed axially

along the burner. In the region above and to the side of the flame, two thin stainless steel probes are

shown, both of which support carbon-coated TEM grids. As implemented in our rig, the probes are

thermally isolated from the flame using a thin aluminum plate with a slit oriented along the axis of the

bumer, with the probes attached to a pneumatically-activated support. The burner nozzle, probe support

structure, and accompanying electrical and gas delivery systems are located in the combustion chamber

at one end of the diagnostics rig (shown as Figure 3 in reference 12.)During a typical drop test,

electronics within the rig sense the release of the package into free-fall and immediately ignite the flame.

Approximately 1.4 seconds after ignition, the thermophoretic probes enter the soot shell and remain for

roughly 40 milliseconds. We have found this is long enough to collect a sufficient amount of soot

without violating the ten percent criterion. :°1_

Following the drop, probes are removed from the rig and the grids photographed using the TEM.

These negatives are then backlit and the image digitized using commercial CCD arrays and frame-grabber
boards. A mix of in-house and commercial software allows us to measure primary size distribution as a

function of height, radial position in the flame and maximum aggregate length. In addition, an intensity

histogram, when correlated with the grey-scale background cutoff, gives the number of soot pixels in the

two-dimensional image. This in turn yields the total 2-D projected area of the 3-D aggregate through use

of an approximation, t°'t_'_3 We have found the size of primaries to be approximately a factor of two

larger in low gravity and the aggregates as much as twenty times longer. While the approximation is
thought to hold for aggregates of 2500 primaries or less, KOyliJ and Faeth H use it for slightly larger

agglomerates. Due to the large size of our aggregates, we are also forced to extrapolate beyond the
assumed limit. To date, we have measured only one aggregate with more primaries than the largest of

KOylii and Faeth. We intend to examine the model _3of Meakin, et al. in greater detail to adapt it to our

larger aggregates.
A graph plotting the log of the estimated number of total particles versus the log of the

maximum aggregate length divided by the average particle diameter, similar to those from References 10

and 11 is shown in Figure 3. The soot is sampled 10 mm above and 8 mm radially from the nozzle of

an ethylene diffusion flame with a burner diameter of 2.29 mm and a flow rate of 1 cc/sec. While current

data is somewhat sparse as of this wridng, fractal numbers are 1.46 _+0.12 for normal gravity and 1.93 +

0.16 for reduced gravity, indicating the possibility of different aggregation processes.
The foregoing analysis produces a reasonable indication of soot size distributions within the flame.

On the other hand, thermophoretic sampling does not yield information about the total quantity of soot
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present in the flame. Therefore, the drop tower rig is also configured for imaging absorption, shown

schematically in Figure 4. Light from a He-Ne laser is spatially filtered, expanded and collimated,

following which it passes through the test section. As this light encounters the soot shell, it is absorbed

or scattered. By making grey scale measurements of the background before the test and comparing those

values to the reduced values seen while the flame is burning, quantitative data are obtained describing

the total amount of soot present. We implement this procedure in our laboratory and have begun the

process of incorporating it into the aforementioned rig used in the 2.2 second drop tower. The largest

problem to date is a shifting of the spatial filter and/or laser beam when the package is released into

freefall. A hardened spatial filter assembly is now in place and renewed tests should begin shortly.
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COMMENTS

Question (Dr. Michael Winter, UTRC): What degree of temperature accuracy is available in the liquid- and

gas-phase measurement using the rainbow schlleren technique?

Answer: Accuracy in using the rainbow schlieren technique for either gas or liquid phase temperature

measurements depends on several quantities. First, the path length in which the refractive index changes

must be known to a high degree of accuracy. This is much easier to determine for liquids with fixed

boundaries or general axisymmctric distributions. In addition, the sensitivity of the system increases with the

focal length of the decoilimating lens. Finally, the quantity calculated is not temperature, but the refractive

index distribution. Therefore, knowledge of the constituent substances and the dependence of their index on

temperature is required before an accurate determination of the temperature can be madc.

The fi_rcgoing begs the initial question (i.e., what temperature accuracies are available). Wc have measured
liquid-phase temperatures with a full-field difference of 1 K and a resolution within thai field of 0.2 K. While

we have reconstructed refractive index profiles for gas-phase distributions, we have not vet performed

temperature calculations, but expect to do roughly an order of magnitude worse.

Question (A. Gomez, Yale University): Thcrmophorctic sarnpling used to capture aggregates as large as 12

mm may suffer from some biasing with respect to particle size, since you operate in the continuous regimes

(Kn approximately 10-2 to 10"l). On the other hand in the free-molecular regime (Kn greater than 1), which

is typical of n-gravity flames, there is no size-dependent effect on sampling. Could you comment on this
complication?

Answer: Thermo_horctic sampling of soot is a well-established tcclmiquc for the study of soot produced in
varyin---_ flames, t-., These studies were performed under normal gravity conditions. T'his question is directed

specifically toward sample biasing due to operation in the continuum regime h_r large a_rcgatcs present in
reduced gravity. A recent paper bv Rosner, Mackowskl and Garcia-Ybarra 4 has shown that cvcn in this

extreme, the maximum sampling bias will bc at most approximately 20 percent. Therefore, the influence on

population samples, morphologies or light scattering properties should bc small. Sincc the fractal number is

calculated using the slope of the host-fit llnc when plotting number vs. normallzcd size. this quantity should

be imperceptibly affected.
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LASER DIAGNOSTICS FOR MICROGRAVITY DROPLET STUDIES
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Rapid advances have recently been made in numerical simulation of droplet combustion under microgravity
conditions, while experimental capabilities remain relatively primitive. Calculations can now provide detailed information
on mass and energy transport, complex gas-phase chemistry, multi-component molecular diffusion, surface evaporation and
heterogeneous reaction, which provides a clearer picture of both quasi-steady as well as dynamic behavior of droplet
combustion. 1 Experiments concerning these phenomena typically result in pictures of the burning droplets, and the data
therefrom describe droplet surface regression along with flame and soot shell position. With much more precise, detailed,
experimental diagnostics, significant gains could be made on the dynamics and flame structural changes which occur during
droplet combustion. Since microgravity experiments become increasingly more expensive as they progress from drop
towers and flights to spaceborne experiments, there is a great need to maximize the information content from these
experiments. Sophisticated measurements using laser diagnostics on individual droplets and combustion phenomena are
now possible. These include measuring flow patterns and temperature fields within droplets, 2 vaporization rates and

vaporization enhancement, 3 radical species profding in flames 4 and gas-phase flow-tagging velocimetry. 5 Although these
measurements are sophisticated, they have undergone maturation to the degree where with some development, they are
applicable to studies of microgravity droplet combustion. This program begining in September of 1992, will include a
series of measurements in the NASA Learjet, KC-135 and Drop Tower facilities for investigating the range of applicability
of these diagnostics while generating and providing fundamental data to ongoing NASA research programs in this area.
This program is being conducted in collaboration with other microgravity investigators and is aimed toward supplementing
their experimental efforts.

INTRODUCTION
Measurement Needs

Droplet Internal Flow
While modeling efforts of droplet combustion under microgravity conditions have been expanded to include

transport and chemistry, I experiments are providing data on droplet surface regression rates along with flameand soot shell
position. Even these limited data disagree with theory, 6 possibly as the result of gas-phase convection around the droplet
and liquid-phase convection within it. The internal flows may largely be residual from the droplet deployment process in
which a droplet is suspended on a hypodermic needle which is rapidly retracted. To understand the results of the experiment,
it is necessary to characterize these droplet flow patterns and determine if they can be dissipated over some time delay period.

Gas-Phase Flow

Gas-phase motion over the surface of a droplet can have a profound impact on the droplet burning rate. Droplet
deployment can leave droplets with a residual drift on the order of 1-2 mm/sec and as high as 10 mm/sec. Relative gas-
phase motion of just a few mm/sec can result in a significant change in the droplet burning rate. 6 The effect of spark
ignition can be a dramatic effect; it introduces a perturbation in the gas-phase flow resulting in a second source of residual
gas/droplet motion. Techniques for anchoring a droplet in place using either fiber suspension or electrodynamic levitation
certainly warrant investigation. These techniques alone, however, may not be adequate without assessing the gas-phase
flow, possibly using a flow tagging or velocimetry imaging approach.
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Flame Front Position
Knowing the position of the reaction front is important for anchoring computer models. Currently, an

approximation of this position is obtained from back illumination images and natural light imaging on a second camera;
these characteristics are not likely to be able to be related direcdy to predicted model parameters in a quantitative fashion.
These can be difficult to interpret, since they are a line of sight measurement on a spherical body. Planar laser-induced
fluorescence of OH could at least provide representative flame front positions4-even if only performed qualitatively. On fl_
lean side of the flame, OH would prove reasonable as a flame front marker. Performed in a time resolved manner, these
measurements could provide information on combustion unsteadiness regarding not only flame position relative to the
droplet but also the structure of the flame.

Liquid.Phase Thermometry
Droplet combustion can be characterized as a generic gas phase diffusion flame with curvature but no flame stretch.

The flame structure is, however, to some degree rate limited by evaporation: the transfer of heat into the droplet is therefore
an important influence on the burning rate. Measuring the liquid phase temperature distribution could further the
understanding of the flame behavior, particularly for multi-component droplet combustion.

Diaenostic Canabilities

Optical flow diagnostics offer several advantages over physical probes because they permit multi-point
measurements non-intrusively. Non-intrusive measurements are of particular importance for droplet combustion and
transport in microgravity environments where physical contact would introduce perturbations. The resolution of these
diagnostics can also isolate transport to length-scales much smaller than the droplet diameter. These techniques can be
configured to instantaneously map an entire flow field in two and three dimensions, providing either qualitative or
quantitative information on the distribution of a desired scalar.

Internal Circulation and Quenched Fluorescence

The capability for measuring flow patterns within individual droplets 7 using oxygen quenching of lasca'-induced
fluorescence has been demonstrated. Decane doped with naphthalene was used for the initial experiments. Droplets from a
droplet-on-demand generator fall a short distance into a chamber filled with nitrogen and a variable amount of oxygen. A
thin sheet of ultra-violet light from the fourth harmonic of a Nd:YAG laser at 266 nm illuminates single droplets. A
magnified image of the naphthalene fluorescence is recorded digitally using a two-dimensional vidicon detector interfaced to
a laboratory computer. Since oxygen is a strong fluorescence quencher, any liquid volume element which has been exposed
to it by surface contact or diffusion will suffer a reduction in fluorescence intensity. Convection from the surface due to
internal circulation and diffusion cause oxygenated image regions to appear darker. Oxygen-free experiments provide a
baseline case for comparison. These data are shown in Fig. 1. This diagnostic can be used to describe flow patterns within
droplets, and for determination of relaxation times for the motion to dissipate.

Exciplex Thermometry
Temperature measurements have been performed within droplets as a function of ambient temperature using two

color detection. 2 The temperature measurement technique used is exciplex fluorescence thermometry, which exploits the
fluorescence at two different wavelengths resulting from the reaction of an excited dopant molecule to form an excited-state

coml/l_ or exciplex. 8 The technique was used to measure the temperature along a meridian plane of the droplets. An

exciplex system is formed using naphthalenecTMPD in decane. At higher temperatures, the system monotonically shifts to
increase monomer selective concentration and monomer fluorescence (blue/violet) dominates, hence, the ratio of monomer
fluorescence over exciplex fluorescence (green) and the intensity ratio can yield the temperature. The resulting fluorescence
from the droplet is imaged in two dimensions at both wavelength regions. The pixel-to-pixel ratio of these two images can
be used, after calibration, to obtain the temperature. This measurement would be especially important for combusting
multi-component droplets but due to the sensitivity to oxygen quenching has been used to date in non combusting systems.
As will he described below, microgravity droplet combustion may present an ideal opportunity for implementation of this
approach since the symmetric envelope flame may preclude oxygen from contacting the droplet fluid.

Levitation and Suspension of Droplets
The aforementioned diagnostic techniques rely on a droplet occupying a known position to allow the laser beam to

"slice" through a central plane precisely. The droplet surface acts like a lens, bending the incident rays toward the center of
the droplet. The light will appear to not fill the cn'cumferenee (top and bottom) of the droplet if the illumination sheet is
not incident on a great circle, slicing exactly through the center of the droplet. In typical microgravity experiments, slight
drifts in droplet position are unavoidable. These drifts may be due to either droplet relative motion within the test chamber,
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or, g-jitter which is typical of microgravity environments on aircraft. These drifts, however, can be compensated for by
either an electrodynamic levitator or an extremely small fiber to tether the droplet.

Producing and supporting a droplet on a thTn fiber or fdament can be achieved repeatedly with automated
deployment. A droplet-on-demand generator can produce a single droplet which is brought into contact with the fiber
filament. When the filament has a slight material bead or buildup at some position along its length, the droplet becomes

anchored and supported at that position. This arrangement is shown in Fig. 2. The diameter of the fiber and roundness of
the bead require careful attention relative to the droplet diameter so as not to change the surface contour of the droplet at the
wetting surface of the fiber. With careful consideration, these criteria are easily met. Droplets suppon_ in this manner can
be used for experimentation even in the presence of g-jitter. It should be noted that while the g-jitter effects the dam quality,

it will not effect the success of the experiments.

Flame Front and Gas-Phase Velocimetry
An additional research requirement would be detailing the gas-phase flow field and position of the flame front

This can be achieved using Planar Laser-Induced Fluorescence (PLIF) of OH 4 which is typically performed by tuning a laser
to the OH molecular absorption and recording the emitted radiation with a two-dimensional detector. Laser sources and
detectionsystemscapableofoperatingunder thepower and shock environmentstypicalofdroptowerconditionsmay be

available,however, some developmentislikelytobe required.An alternativeapproach would be toprovidelaser-induced

fluorescencefrom a diagnosticseedincludedintheliquid-phasefuclwhich would be consumed atthe flame fronL This,in

principle,would be easier,and lower risksincethediagnosticcapabilitiesand instrumentationalreadyexist.The main

advantage tothisapproach would bc thatthe wavelength of the molecularabsorptioninvolvedcan be chosen tocoincide

with convenient laser wavelengths than lasers can be configured to access OH. The details of this approach will be given

under the pro)ect description.

Gas-phase flow tagging is capable of defining the flow field around the droplet and can be performed in a number of

different ways. For post-combustion gas conditions, photodissociating water vapor in known spatial locations and

subsequcndy recording the PLIF of OH yields gas phase velocities. 5 This approach is probably beyond the scope of

microgravity applications due to its complexity and instrumentation requirements. An alternative approach would be to use
laser-induced phosphorescence, by writing lines in a pre-seeded flow and subsequent imaging the convection of triplet-state
excited molecules. In this way, gas-phase velocities and flame positions could be measured.

Particle Image Velocimetry (PIV) holds the potential for recording two-components of velocity in a two-
dimensional plane. Conventional techniques like Laser Doppler Velocimetry would not be appropriate because it is a point
technique and would not provide information related to the global flow field. PIV uses lasers to illuminate a seeded fluid

with two short, properly-timed pulses. In this way, each particle in a sheet of laser light can be illuminated and imaged
twice in a frame of an imaging device such as a CCD camera. With this information, spatially resolved maps of two
components of velocity can be determined. The proper selection of image magnification, pulse timing, particle size and
seed rate, allow a two-dimensional velocity field to be acquired instantaneously. Video acquisition systems and computer
software are used to process the images and manipulate them to produce the vector field.

PROJECT DESCRIPTION

Program Plan
The objective of this program is to perform a series of measurements to investigate the range of applicability of

advanced laser diagnostics to microgravity applications while generating as much fundamental data to ongoing NASA

microgravity research programs as possible. Through consultation with NASA personnel, and othex researchers in the field
of microgravity droplet transport and combustion, priorities will be established with respect to measurement parameters.
The measurement parameters cunenfly under consideration are:

(1)
(2)
(3)
(4)

droplet internal flow
relative gas-phase flow around droplets

flame front position
liquid-phase thetmumetery.

An integrateddiagnosticunit,capableof performing thesemeasurements willbe assembled. All of the major

components such as lasers, detectors and data systems are currently available and allocated to this effort. A self-contained
miniature nitrogen-pumped dye laser system and two-dimensional intensified diode-array imaging system will form the core
of theunit.
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The testing program will proceed with ever more challenging environments proceeding fi'om the iaixnuxy, to
flight bas_ tests, and finally, to drop tower facilities. The diagnostic approaches and instrumentation would be verif_d in a
laboratory setting. Experiments with the intent of reducing the risks associated with high impact and droplet drift would be
conducted on either the Learjet or KC-135 Aircraft with fiber sfispended droplets. Measurements will be performed on
droplet internal flow patterns and the applicability of liquid phase thermometry in a burning droplet. Investigations will be
made into performing PLIF measurements of OH or a diagnostic seed material to describe flame front position. Gas-phase
flow dynamics will be determined by velocity measurements using particle image veiocimetry.

Risk Reduction Flight Experiments
Initial experiments are designed to reduce the risks associated with high impact and droplet drift. Experiments of

droplet combustion under microgravity conditions are best if carried out in either the NASA _RC 2.2-Second Drop Tower,
or the 5.18-Second Zero-Gravity Facility, to provide a "clean" set of experimental conditions. Two aspects of these
facilities and the environment they provide present the greatest challenges to laser diagnostic implementation. First, the
impact at the bottom of the tower can range from 60 -70 g's. Designing advanced inslrumentation to sustain these impacts
is quite difficult. A risk reduction step is to perform a test sequence aboard the NASA Aircraft Microgravity Facilities.
Although the aircraft do not provide as "clean" a microgravity environment, (-10 -2 g), the diagnostic could be developed
while still providing quality data. These experiments would be followed by measurements in the LeRC 2.2-Second Drop
Tower.

Isolate Droplet Motion
The second challenge to diagnostic implementation is the droplet drift present in all previous microgravity droplet

experiments. As described above, droplet deployment is always accompanied by some initial velocity which is imparted on
the droplet. The relative motion of the droplet to the ambient gas can result in significant change in the burning behavior.
Furthermore, this motion complicates the diagnostics. To alleviate these problems the experiments can be performed on
droplets supported on a thin fiber, or supported in an electrodynamic trap. Fiber support is relatively simple, however,
detailed measurements of the effect of the fiber boundary on droplet internal flow patterns would still need to be undersuxxl.
The operation of electrodynamic traps becomes considerably simplified at low gravity due to the reduced forces on the
droplet.

An automated deployment system will be coupled to thin filament suspension. A droplet-on-demand generator will
produce a single droplet which is brought into contact with the fiber filamenL The filament will have a slight material bead
or buildup at some position along its length so that the droplet becomes anchored and supported at that position as is
shown in Fig. 2. The diameter of the fiber and roundness of the bead will receive careful attention relative to the droplet
diameter so as not to change the surface contour of the droplet at the wetting surface of the fiber. Droplets supported in this
manner will be used for experimentation even in the presence of g-jitter. It should be noted that even though the g-jitter
effects the quality of the data relative to combustion due to the gas-phase fluctuations, it will not effect the success of the

experiments.

Internal Flow Patterns
Initial measurements are directed toward describing the internal flow patterns of droplets in a non-combusting

environment The convection of oxygen dissolved into the surface fluid of an isothermal, non-burning droplet will be
detected by the quenching of laser-induced fluorescence. The fluorescence images will be recorded in two dimensions f_3m a
laser sheet, provided by a compact nitrogen laser, which slices through the interior of the droplet. This measurement can be
performed in a time-phased manner with the introduction of a time delay to evaluate temporal evolution. These experiments
could potentially answer questions relating deviations between current experiments and theory.

Liquid-Phase Thermometry
An extension of the flow measurement techniques will provide liquid-phase thermomeu3, using the same apparatus.

Laser-induced exciplex thermometry can be employed in a burning droplet, if it could be shown that no oxygen permeated
into the measurement regions. This would be expected in microgravity conditions where a symmetric envelope flame
surrounds the droplet and consumes oxygen prior to dissolution in the liquid-phase. This assumption is easily verified by
repeating the flow pattern measurements on burning droplets. Liquid-phase thermometry would qualitatively confu'm
modeling assumptions while providing quantitative temperature data.

Flame Front Measurements
Development of the UTRC diagnostic system will be directed toward PLIF of OH. Potentially minor

modifications to the nitrogen laser system may allow it to opera_ on excimer gases such as XeCI, thus providing a
of directly exciting the OH molecule. Alteratively, arc lamp illumination could be used. This would provide image data on
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the position of the flame front around a burning dropleL A second alternative approach would be to perform laser-induced
fluorescence from a diagnostic seed included in the liquid-phase fuel which would be consumed at the flame fronL This, in
principle, would be easier and the diagnostic capabilities and instrumentation already exist. The main advantage to this
approach would be that the molecular abso_puon wavelength can be chosen to coincide with more-easily-accessed laser
wavelengths than those of OH. Several diagnostic materials are available with readily available absorptions, high
fluorescence yields, and flammability limits similar to typical fuels, i.e., biacetyl in methanol. For these studies, the
nitrogen laser will be used in conjunction with the dye laser tuned to the appropriate wavelength.

Gas-Phase Flow

Particle Image Velocimetry (PIV) holds the potential for recording two-components of velocity in a two-
dimensional plane. PIV will be performed using two pulses from the nitrogen laser to illuminate the gas surrounding the
droplet after it is seeded with aerosol particles. In this way, each particle in a sheet of laser light can be illuminated and
imaged twice in a frame of the imaging system. With this information, two components of the velocity vector will be
determined. The proper combination of image magnification, pulse timing, particle size and seed rate, provide
instantaneous two-dimensional velocity fields. Computer software to process these images and manipulate them to produce
the vector field is currently in use at U'I_C.

Conclusions

This research program provides measurements investigating the range of applicability of these advanced diagnostics
while generating fundamental information relevant to ongoing NASA programs in microgravity droplet combustion. Using
a progressive approach, advanced laser diagnostics will be transported from laboratory, to flight experiments, and ultimately
to drop tower facilities. In this way, these diagnostics can be developed, while providing fundamental data on droplet
transport and combustion at an early date. The experiments and measurement parameters suggested here, reflect the needs of
other researchers in this area. Dissemination of the results of this program throughout the community will effect their
research directly. At the conclusion of this program, the technology demonstrated herein will be applicable to future ground
based research, as well as space based operation aboard future Shuttle, Space Lab or Space Station Freedom laboratory
modules. The facility and techniques demonstrated would serve as a stepping stone for future programs. Development and
demonstration of this technology at this time, is a prerequisite for these far reaching goals.
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droplets using fluorescence quenching.
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Measurement of internal circulation from within
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Fig. 2 Surface fluorescence quenching
from a droplet supported on a fiber.
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COMMENTS

Qu¢stion (A. Gomez, Yale University): In an electrodynamic balance, typically, a DC field is used to

counterbalance gravity and AC field is used to provide lateral stability. In the microgravity cxpcriments the

g-field is highly variable. Have you thought about a feasible feedback systcm to accurately change your DC

voltage over several orders of magnitude?

Answer: The elcctrodynamic balance can be operated with a DC field, an AC field, or a supcrposition of

both. In one-g, the gravitational influence is typically offset with the DC field, and the AC field is applied to

provide lateral stability. The levitator can, however, be operated stably with just the AC field cvcn at one-g,
eliminating the need to actively adjust the DC voltage for changes in gravitational field or droplet mass.

Since the AC field provides a fl_rce towards equilibrium corresponding to an opposite velocity of the droplet,

strong AC fields tend to overdrive the droplets resulting in oscillations. The AC frcqucncy must be tuned for

stability, corresponding to a reaction time-constant relating droplet inertia and drag. Our experience has
shown that for droplets in the 500 micron diameter range at atmospheric conditions frequencies of the order

of 400 Hz are most appropriate.

Qucslion (C.T. Avcdisian, Corncll University): How do you plan to "calibrate" your approach fi_r flame
diameter measurement based cm CH identification? For example, do you pl,m to compare Ilame diameter

measured from photographs with your laser based flame diameter?

Answer: In hydrocarbon flames, CH radical laser-induced fluorescence is acccptcd in the literature as the

best indicator of most intense chemical reactions. While photographic recording of broadband flame

luminosity is often used for indicating flame positions, these measurements suffer from both spatial ambiguity

associated with line-of-sight observation, and assumptions related to non-equilibrium chemistry and excited-

state radical-species formation. Comparisons will be attempted between luminosity observations and the
laser-induced fluorescence flame fr_mt indicator to be used in this study, to establish correspondence between

the approaches.
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STUDIES OF PREMIXED LAMINAR AND TURBULENT FLAMES
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Introduction

The work of the Principal Investigator (PI) has encompassed four topics

related to the experimental and theoretical study of combustion limits in

premixed flames at microgravity, as discussed in the following sections. These
topics include:

• Radiation effects on premixed gas flames

• Flame structure and stability at low Lewis number

• Flame propagation and extinction in cylindrical tubes

• Experimental simulation of combustion processes using autocatalytic
chemical reactions

Radiation effects on premixed qas flames

Our previous work has demonstrated the importance of gas radiation in the

propagation and extinguishment of premixed gas flames [I, 2]. However, gas
radiation is a weak effect and is only a significant influence for very slowly

burning flames. These flames can only be observed at _g due to buoyancy effects
at one-g. Furthermore, it is not clear whether radiation is a fundamental limit

because in very large systems (say, tens of meters) emitted radiation could be

reabsorbed within the gas and thus not lost from the system. In this case the

propagation rate could actually increase because radiation would augment the

usual transport by conduction of heat from the flame front to the unburned gas
[3].

TO test these hypotheses, we have examined radiation effects by studying
flames at _g in gas mixtures to which small quantities of inert, radiant

particles have been added. Solid particles emit and absorb radiation across a

broad spectrum, unlike gas molecules which are active only in narrow spectral

bands. Thus, appreciably more radiation and absorption can be expected in

particle-laden gases. Our preliminary experiments [4] have shown that at small

particle loadings, burning rates are reduced (Fig. i), peak pressures in

constant-volume combustion are lower (Fig. i) and thermal decay rates in the
burned gases are increased (Fig. 2). This indicates that the significance of

radiative loss is enhanced by the addition of particles to the gas. With

sufficient seeding, the burning rates are practically the same as those found in

particle-free mixtures (Fig. i), the peak pressures are comparable (Fig. i) and
the thermal decay rate is smaller than particle-free mixtures (Fig. 2). All of

these observations are consistent with the hypothesis that at sufficiently high
particle loadings, radiation is reabsorbed within the combustible medium, and

thus may not constitute a fundamental limit in very large systems. In essence,

the presence of particles has made the system "larger" in that the ratio of the
system size to mean absorption length of radiation is increased.

Future work will focus on methods of quantifying the particle density,

mixture optical thickness, and obtaining results for a variety of mixtures and

particle loadings to compare with theory and to determine if flammability limits
can be entirely suppressed when radiation losses are eliminated.
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Flame structure and stability at low Lewis number

We have found in previous work that the tendency of flames in mixtures with

low Lewis numbers, e.g. hydrogen-air, to break up into cells affects the near-

limit behavior dramatically [5]. In some cases flame propaqation ceases entirely

without flame extinction occurring. In these cases stable r stationary spherical

flames ("flame balls") seem to exist. Stationary spherical flames have been

predicted previously but are predicted to be unstable. Further work has showed
that such phenomena seem to occur in all mixtures with sufficiently low Lewis

number and near flammability limits, independent of the chemical mechanism [6].

Experiments on the KC-135A aircraft showed that these structures are stable for

at least the 20 seconds of low-g available [6]. By comparison with analytical

models [7, 8], it has been concluded that radiation from the combustion products,

along with diffusive-thermal effects in low-Le mixtures, is probably the

stabilization mechanism which allows flame balls to exist at _g.

At one-g, these flames are entirely buoyancy-dominated. Consequently, the

flammability limits are much leaner at _g than one-g, for example 3.35% vs. 4.0%

H 2 for H2-air mixtures [6]. This result is in very good agreement with a

computational study of flame balls employing detailed chemistry and transport

models [9] in which a limit of 3.5% H2 was predicted.

The g-jitter in the KC-135A experiments (= 0.02g) caused substantial motion
of flame balls. The drift velocity was found [6] to be proportional to gW2,

consistent with bubble theory. This drift also led to the formation of two types

of quasi-cylindrical flame structures which we have termed "flame strings" (Fig.

3) [6]. These strings are unstable, in that they eventually break into flame

balls, but live much longer than would be expected based on thermal diffusion

time scales alone. Consequently, they are almost certainly being supported by

chemical reaction. Their existence is curious, because no steady solution is

possible for cylindrical flames (unlike spherical flames). It seems then that

they would evolve radially given sufficient time, but the axial instability which
leads to their breakup manifests itself before radial evolution occurs. Recent

theory [I0] supports this suggestion.
Another type of flame string, not directly related to that discussed above,

has been observed in H2-O_-SF 6 and CH4-O2-SF 6 mixtures, particularly at high
pressures [6]. These strings are different in that they are uncorrelated with

buoyancy effects and seem to form much faster than any conventional diffusional

or hydrodynamic timescale would allow. We conjecture that these are a result of

reabsorption of emitted radiation, which is most likely to occur in SF6-diluted

mixtures and at high pressures because the Planck mean absorption length (_) is

much shorter in SF 6 than CO 2 or H20 and is inversely proportional to pressure; at

300K and 2 atm, Lp for SF, is only 0.13 cm!.

A flight experiment is under development to determine if the apparent

stability of flame balls can be confirmed in experiments where both the duration

of _g is long (unlike drop-tower experiments) and the quality is significantly

better than that in aircraft tests. Also, the presence or absence of flame
strings will be studied to determine the role buoyancy plays in their formation.

In addition to addressing development issues in support of the development of

flight hardware, future work will stress the role of reabsorption of emitted

radiation on these flame structures using high-pressure tests and particle-laden

mixtures. It is possible that the presence of particles will influence transport

of thermal energy (see above) but should not influence mass transport, leading

to a radiation-influenced Lewis number which may be higher than the particle-free

value, thereby inhibiting the cellular instability.

Flame Dropaqation and extinction in cylindrical tubes

The standard apparatus for measuring flammability limits of premixed gases

at earth gravity is the Standard Flammability Limit Tube, or SFLT. This is a

tube 5 cm diameter and 200 cm long which is filled with combustible gas and

ignited at one end. The mixture is defined to be flammable if it supports

propagation throughout the tube. Despite many years of study, the mechanisms of
flame extinction in the SFLT is not well understood. The relative importance of



buoyancy, flame stretch, heat loss to the tube wall, radiation loss, etc. have

not been assessed.
Most theories of flammability limits predict the flame propagation rate at

the limit (Sb.lm). Hence, measurement of Sb._im enables comparison with theories.

We have conducted such experiments at earth gravity in tubes of varying diameter,

at varying pressures and with mixtures having varying fuels, inerts, and Lewis
numbers (Le). We have found that the characteristics of the limits can be

described in terms of the effect of the Grashof number Gr m g_/_ on the limit

Peclet number Pe m Sb.llmd/a , where g is gravity, d the tube diameter and _ the
thermal diffusivity at room temperature. Figures 4 and 5 show the results for

upward and downward propagation, respectively. In each case, at low Gr the
results are consistent with theoretical predictions [ii] for flame extinguishment

by conduction loss to the tube walls, namely Pe = constant = 40. At higher Gr,
results are consistent with buoyancy-induced extinction mechanisms, in the upward

propagating case Pe - Gr w2 [12] and in the downward case Pe - Gr w3. Because of
the difference in extinction mechanisms, we have found that the flammability

limit can actually be wider for downward propagation than upward propagation

(though for most commonly-studied values of Gr and Le, this is not the case).

In the upward case, at Gr > 2.0 x i0' (corresponding to a pipe-flow

Reynolds number of 2000i turbulent flow is exhibited; the flame behavior can be
either flamelet-like or distributed-like depending on Gr and Le. Downward

turbulent propagation at the limit is also possible, but would require Gr = 40

x i0' according to our scaling analysis, and is beyond the limits of our

apparatus.
Our scaling analyses indicate that radiation losses cannot be significant

at earth gravity for any experimentally realizable conditions; either conduction

losses or buoyancy effects will dominate. Of course, radiation can be the

dominant extinction mechanism in large tubes at _g. We are initiating a study

of this extinction process for comparison to our previous results in a constant-

volume chamber with central ignition (which produces spherically expanding

flames.)

Experimental simulation of premixed flames usinq autocatalytic chemical reactions

The PI has introduced the use of aqueous autocatalytic propagating chemical

fronts (in particular, the arsenous acid-iodate system) for the experimental

simulation of premixed combustion in nonuniform and unsteady flows [13]. These

fronts more nearly match the assumptions made by most relevant theoretical models

that do gaseous flames. These assumptions include that of constant density. The

role of density change (due :to heat release) in gaseous premixed flame

propagation has been a continuing source of controversy, especially in turbulent
flows. It has not even been established whether density changes result in an

increase or decrease in the turbulent flame propagation rate (S_) [13].

Consequently, it is desirable to compare front propagation in gaseous flames and

aqueous autocatalytic fronts to study effects of density change.
A limitation on the utility of aqueous fronts is that even the small

fractional density change across the aqueous front leads to significant buoyancy

influences at one-g because of the very low planar front propagation rate (SL).

Only when the imposed disturbance intensity (u') is much greater than buoyancy-
induced flow velocities can buoyant effects be neglected. Gaseous flames with

u' >> SL cannot be observed because of quenching which results from the
hydrodynamic strain at high U m u'/SL; this makes it impossible to compare the

aqueous and gaseous front propagation at the same U, and thereby assess the role

of density changes. High U is also inaccessible to computational studies because

of numerical difficulties, especially when density changes are included.

This discussion indicates the need for studying aqueous fronts at _g to

eliminate buoyancy influences, enabling the study of front propagation at low U

and thereby allowing comparison of front propagation in aqueous and gaseous

fronts at the same u'/SL.

We have studied these autocatalytic propagating fronts in a Taylor-Couette
flow, i.e. in the annulus between two rotating concentric cylinders. This flow

was chosen because (i) the flow is homogeneous in the direction of front
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propagation (axially), so that a quasi-steadily propagating front can be studied,

and (2) well-characterized disturbances are generated even at very low Reynolds

numbers (and thus low u'). When only the inner cylinder is rotated, pairs of

counter-rotating toroidal vortex pair (Taylor vortices) fill the annulus. Fig.

4 shows the measured [13] effect of u'/S L on S_/S L in the Taylor-vortex regime and

the predictions of a theoretical model [13]; agreement is good. (Data were taken
up to u'/SL = 10,000, but only the lower values of u'/SL are of interest to this

study in that they may be affected by buoyancy).
Our scaling analysis has shown that in a space experiment, it is possible

to study aqueous fronts with U = 7 at g = 10-4go (a typical figure for space

experiments) without buoyant convection, whereas U _ 140 is the lowest possible

U at g = go without buoyant convection. It is possible to study U = 7 in gas

combustion without quenching, whereas U ffi 140 is not possible. Thus, space

experiments would enable us to study the aqueous fronts at values of U accessible

to gas combustion experiments and numerical simulations, enabling us to create

a "bridge" between studies of fronts with and without substantial density

changes.
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Figure 3. IR image of "flame string"

at _g. Mixture: 5.5% H 2 in air.

Figure 4. Limit Peclet number versus

Grashof number for upward-propagating

flames in tubes.
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MODELING OF MICROGRAVITY COMBUSTION EXPERIMENTS

John Buckmaster _,
University of lllinois N93 '2() 197

Urbana, Illinois 61801

Introduction

Modeling plays a vital role in providing physical insights into behavior revealed by experiment.

The program at the University of Illinois is designed to improve our understanding of basic
combustion phenomena through the analytical and numerical modeling of a variety of

configurations undergoing experimental study in NASA's microgravity combustion program.
Significant progress has been made in two areas: (i) flame-balls, studied experimentally by
Ronney and his co-workers [1]; (ii) particle-cloud flames studied by Berlad and his collaborators
[2]. Additional work is mentioned below. NASA funding for the U. of Illinois program
commenced in February 1991 but work was initiated prior to that date and the program can only be
understood with this foundation exposed. Accordingly, we start with a brief description of some

key results obtained in the pre - 2/91 work.

Flame Balls - Results Prior to 2/91

Flame-balls are stationary, premixed spherical flames observed in certain near-limit mixtures [ 1].
They have zero flame-speed. Their study is likely to lead to an improved understanding of
flammability limits. The configuration is sketched in Fig. 1.

Reference [3], The structure and stability of non adiabaticflame-balls, provides the first description
of mathematically stable flame-balls. The stabilizing mechanism is heat loss by thermal radiation.
The analysis assumes that the Lewis number (Le) is significantly less than 1. Only for such
mixtures are flame-balls observed.

Reference [4], The structure and stability of non adiabatic flame-balls: II. Effects of far-field
losses, is an extension of Ref. [3]. For physical flames there will be losses in the near-field (in
and near the burnt gas) and the far-field. Dealing simultaneously with both leads to technical
(mathematical) difficulties and these are dealt with here. Differences in the effects of the two losses
are revealed by Fig. 2. Near-field losses can generate a three-dimensional instability (the upper
thick portion of curve A), far-field losses do not. The lower thick portions of both curves define

regions of one-dimensional instability. Note that for curve B this includes a portion of the top
solution branch.

Flame-balls are only observed ifLe is sufficiently small (< 0.5?) In Ref. [5], The structure and

stability offlame-balls: A near-equidiffusionalflame analysis, it is shown that radiation is not
stabilizing when Le = 1 and there is a critical Lewis number Lec (< 1) such that stability requires
Le < Lec. The closer Le is to Lec the smaller is the range of parameter values for which stable
solutions exist.
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Flame-ballscanbestabilizedbyheatlossother than by radiation. Convective heat losses generated
by weak shear or straining flows are discussed in Ref. [6], Flame balls stabilized by suspension in
fluid with a steady linear ambient velocity distribution. These are far-field losses. As noted
earlier, a key difference between near-field and far-field losses is that the former can give rise to
three-dimensional instabilities, the latter do not (see Ref. [9], discussed below).

Flame-Balls - Post 2/91 Results

In flame-ball experiments carried out in the KC- 135 (see Ronney, this proceedings), unsteady
flame-strings have been observed. A straight flame-string is a cylindrical counterpart to the
spherical flame-ball. Flame-strings display a sausage or peristaltic instability. These instabilities

are analyzed in Ref. [7]. For perturbations - e °ct+i_ where x is distance measured along the

cylinder axis, Fig. 3 shows the manner in which a varies with the wave-number k. The flame

structures must have a minimum length if they are to support unstable waves, i.e. short cylinders
are stable.

Reference [8], Influence of boundary-induced losses on the structure and dynamics of flame-balls,
shows that conductive heat losses to a cold wall can stabilize flame-balls. Configurations of this
kind might well be important tbr space experiments designed to examine the structure of a
stationary flame-ball.

The results of Ref. [3], [4] imply the response sketched in Fig. 4. This shows the maximum
temperature in a flame-ball as a function of mixture strength. The stable region lies between points
A and B. The implication is that insufficiently reactive mixtures can not support flame balls (static
quenching at A' or dynamic quenching at A); and that overly reactive mixtures will lead to non-
spherical flame-balls. These conclusions are consistent with experiment.

The point B is a neutral stability point for three-dimensional instabilities and a transcritical
bifurcation analysis can be carried out, valid in the neighborhood of B, which describes unsteady
three-dimensional, weakly-nonlinear deformations of the flame-ball. In Ref. [9], The three-
dimensional dynamics offlame-balls, an equation for the flame-ball shape is derived:

x 2 (y2 + z 2)
42 _K + 21 _K = 1 (1)

1-t 1
4 "(t c-t) 4 "(t c-t)

where 8K is a positive parameter that vanishes at B, and tc is a critical time at which 'blow-up'

occurs. Equation (1) describes the first observable manifestation of the instability, and
corresponds to an elongating prolate spheroid. Prolate spheroids have been observed by Ronney.
The experimental spheroids, once they become long enough, neck and split. We believe that this is
due to the flame-string instability discussed in Ref. [7].

The analytical work of Ref. [3] - [9] has been remarkably successful in providing a description of
flame-balls that agrees, qualitatively, with the experimental observations. Quantitative
comparisons are only meaningful with detailed numerical simulations, and a program of this kind
has recently been embarked upon in collaboration with M. Smooke. Figure 5 shows the
variations of maximum temperature with mixture strength described in Ref. [10], Analytical and
numerical modeling of flame-balls in H2/air mixtures. This work predicts a static flammability

limit of 3.5% H2 by volume. This is close to the experimental value. Predicted flame-ball sizes
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areconsistentwith observationsbutprecisecomparisonisnot possibleat this timesincethenature
of theexperimentalimageis uncertain.

It is clearthatat this timeanunusuallystrongsynthesisof experiment,theoryandnumericalwork
haselucidatedthephysicsof flame-balls.

Flame-Balls - Future Plans

In all the work completed to date radiation losses are only accounted for within the framework of

an optically thin field. There is reason to believe that this is not always correct, and a more general
approach is under development.

Additional numerical work is planned. It would be appropriate to construct steady solutions for the
various mixtures that have been used experimentally. Moreover, because of the importance of the

stability boundaries in defining the existence of flame-baNs it is important to identify them
numerically. This would not be excessively difficult for the one-dimensional stability boundary,
but the three-dimensional boundary is a different matter. Reduced chemistry schemes might be
useful in this connection.

Particle Cloud Flames

Reference [2] describes experiments on flames propagating in particle-air mixtures. A mixture of

lycopodium and air in a tube that is open at one end, closed at the other, is ignited at the open end.
For some mixture strengths and flame locations unsteady propagation is observed which, we
believe, is driven by an acoustic instability. Reference [ 11], An acoustic instability theory for
particle-cloudflames, contains a mathematical description of a plausible mechanism. Because of
slip (thermal and kinematic) between the two phases, an acoustic wave generates fluctuations in the
mixture flux fraction entering the flame; there are time dependent fluctuations in the difference

between the particle velocity and the gas velocity relative to the flame. These fluctuations generate
variations in the heat generated by combustion, and these can drive the acoustic wave via the well-

known Rayleigh criterion. Apart from the inclusion of slip the flame model is similar to that of
Seshadri et al (this proceedings).

Additional theoretical aspects are briefly discussed in Ref. [12], The structure and stability of
lamb_arflames. It is well known that a classical (gaseous) unbounded deflagration can support a
pulsating instability if Le is large enough, but this constraint demands exotic mixtures. However,
modifications to the flame configuration can move the domain of instability and make it accessible
to certain everyday mixtures. Heat loss to a burner is such a modification. Supplying the fuel in
particle form is another. It is possible, therefore, that the instability observed by Berlad et al is
intrinsic in nature, albeit modified by the acoustic constraints, rather than the acoustic creature
discussed in Ref. [11]. These and related aspects are presently being explored. However, the
termination of the experimental program limits the progress that can be expected in our
understanding of these flames. In view of the importance of particle cloud burning, and
recognizing that the microgravity environment is exceptionally congenial for its study, this author
believes that a new initiative in the area would be most valuable, preferably one tied closely to

modeling efforts.

Self-Extinguishing Flames

Self-extinguishing flames (SEFs) are generated by the point ignition of certain near-limit mixtures
[ 13]. An essential characteristic of a SEF is that it extinguishes at a radius of several centimeters
after the release of chemical energy several orders of magnitude greater than the spark initiation

energy. Because of this disparity one might expect that the final behavior of these flames is
independent of the spark energy, but that is not the case. A SEF which extinguishes after releasing
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energyequalto 103timesthesparkenergycanbeconvertedto a non-extinguishingflameby
doublingthesparkenergy.We havebeenengagedin attemptsto understandthissensitivitybythe
useof simpleasymptotictreatments.In Ref.[ 14],The effects of confinement and heat loss on
outwardly propagating sphericalflames, asymptotic methods are used to derive a model equation
for the evolution of the spherical flame:

dV 2V L+V2[3kR3-1nV], dR=v. (2)dR R dt

Here R is the flame radius, t is time, L is a heat-loss parameter that accounts for radiative losses,
and k is a confinement parameter that accounts for the pressure rise in the fixed volume chamber.

Solutions to equation (2) can display extreme sensitivity to the initial data, as exemplified by Fig.
6. However, we are not prepared to claim that confinement effects are significant in Ronney's
experiments, but merely present these results as a simple example of sensitivity.
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STRUCTURE AND DYNAMICS OF PREMIXED FLAMES IN MICROGRAVITY
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and
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Introductio.n

In this report we describe the research performed at the Naval Research Laboratory in sup-

port of the NASA Microgravity Science and Applications Program over the past three years with

emphasis on the work performed since February 1992, the beginning of the current project. The

focus of our research has been on investigating fundamental combustion questions concerning the

propagation and extinction of gas-phase flames in microgravity and earth-gravity environments.

Our approach to resolving these fundamental questions has been to use detailed time-dependent,

multidimensional numerical models to perform carefully designed computational experiments. The

basic questions we have addressed, a general description of the numerical approach, and a summary

of the results are described in this report. More detailed discussions are available in the papers

published which are referenced herein.

A systematic study which isolates the various processes that could lead to flame instabilities

and extinction is needed to gain a better understanding of flammability limits and flame dynamics

in microgravity. Numerical simulations, in which the various physical and chemical processes

can be independently controlled, can significantly advance our understanding of flame instabilities

and flammability limits on earth and in a microgravity environment. In the p_t three years,
we have addressed a number of basic issues aimed at resolving some of the important aspects

of flame structure and propagation. Some of the issues we have addressed using our numerical

simulations are: the effects of heat losses and buoyancy forces on the structure and stability of

flames(both burner-stabilized and flames in tubes), the existence of flammability limits in the

absence of external losses or buoyancy forces in the system, and the extinguishment process at the

downward-propagation limit.

Computational Tools

Two computational models developed at NRL, FLIC2D and FLAME1D, have been used in

the work reported here. Both the numerical models are time-dependent and solve the multispecies

coupled partial differential reactive-flow equations. These models include a detailed chemical ki-

netics mechanism coupled to algorithms for convection, thermal conduction, viscosity, molecular

diffusion, thermal diffusion, and external forces. The external force, gravity, can be in any direction

relative to flame propagation and can have a range of values. Energy sources and sinks may also be

prescribed as a function of time. All of the chemical and physical processes are solved sequentially

and then coupled asymptotically by timestep splitting [1].
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FLIC2D, a two-dimensional model, has been used extensively to study cellular flames [2,3],
the effects of gravity and heat losses on the structure and dynamics of lean hydrogen-air flames
[4-8]. FLAMEiD has been applied to various studies of flame phenomena including calculations

of burning velocities, minimum ignition energies and quenching distances, effects of curvature and

dilution, and flammability limits [9-11]. This one-dimensional model is generally used to test new

sub-models such as for radiation and chemistry before implementing them in the multidimensional

model. It is also used to study physical and chemical phenomena in which multidimensional effects

are secondary. Space restriction does notallow the elaboration of the models here but details can be

found in previous reports [9,12]. These models are also continuously evolving. Some of the recent

additions to the models are the inclusion of wall effects and radiation, heat losses to a burner,

moving adaptive grids and a parallel implementation of chemistry solver.

Summary of. Research

Our recent research can be broadly divided into four categories: (a) dynamics of cellular

flames [3], (b) effects of gravity, heat losses and viscosity on flame instabilities and structure[4-6],

(c) extinguishment process at the lean-flammability limit[7,8] and (d) instabilities near the rich-

flammability limit[13]. Each of these categories axe briefly discussed below.

Dynamics of Cellular Flames

Our initial simulations [2] of celhdax flames were in qualitative agreement with experimental

observations on the stability of flames in lean and rich hydrogen-oxygen-nitrogen mixtures [14] and

were also able to identify the thermo-diffusive instability mechanism as the primary mechanism

responsible for the formation of cellular flames in hydrogen-oxygen-nitrogen mixtures in most sys-

tems. We then used the simulations to investigate the cell-split limit phenomena observed in the

NASA drop tower [15] experiments.

We simulated the structure and dynamics of flames in a series of mixtures with 15% or less

hydrogen in air. We observed brisk formation of cells and their subsequent splitting in lean mixtures

with more than 11% hydrogen. In leaner mixtures with 9.5-11% hydrogen, the formation and

splitting of cells is less vigorous. For mixtures with 9% or less hydrogen, a single cell is formed

which does not split at all. For these mixtures, even calculations for very long times (0.4 seconds)

in larger systems (10.2 cm channel width) did not show any indications of cell-splitting.

Iteat losses have been postulated as a mechanism that can cause a cell-split limit. IIowever,

the simulations in this study do not include any loss mechanism; yet such a limit is still observed.

This suggests that external loss mechanisms are not required and that the cell-split limit is actually

an intrinsic feature of the lean hydrogen-air mixture itself. However, the actual mixture at which

cell splitting ceases may be affected by losses.

Effects of Gravity, Heat losses and Viscosity on Flame Instabilities and Structure

We have performed a systematic series of investigations to isolate and study the role of gravity,

heat losses and viscosity on the structure and stability of flames. In the first series, we isolated the

effects of gravity by comparing upward- and downward-propagating flames to zero-gravity flames

in idealized two-dimensional systems in which the effects of viscosity and heat losses to the wall

can be ignored [4,5].

These simulations showed that the effects of gravity become more important as the lean

flammability limit is approached. In mixtures with 12% or more of hydrogen in air, gravity plays

only a secondary role, with the stability and structure of the flame controlled primarily by the

thermo-diffusive instability mechanism. However, in leaner hydrogen-air mixtures gravity becomes

more important. Upward-propagating flames are highly curved and evolve into a bubble rising

upwards in the tube. Downward-propagating flames are flat or even oscillate between structures

with concave and convex curvatures. The zero-gravity flame shows only cellular structures. Cel-

lulax structures which are present in zero gravity can be suppressed by the effect of buoyancy for
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mixtures leanerthan 11%hydrogen.Theseobservationshavebeencomparedto theoreticaland
experimentalobservations[4]andhavebeenexplainedon the basisof an interactionbetweenthe
processesleadingto buoyancy-inducedRayleigh-Taylorinstabihtyand the thermo-diffusiveinsta-
bility. Theseresultsalsoindicatethat the instability mechanismscan interactin a quite complex
manner,and eventhoughonemechanismcanmask the other, in certainregimes,both can be
equallyimportant.

In manypractical applicationsaswell as in the determinationof flammability limits, flames
areconfined.Heatandradical losseswill occurto the confiningwallsand the flow will alsohave
to cometo rest at the surfaceof thewalls. Our simulationsindicatethat viscouseffectsplay only
a secondaryrole whenthewallsareassumedto be isothermal.IIowever,heatlossesto the walls
play a dominantrole resultingin the formationof additionalcellularstructuresnearbut slightly
displacedfrom thewalls.

Wealsoinvestigatedhowgravitymodifiesthe structureanddynamicsof flamesin an isother-
mal, two-dimensionalchannel[6]. Iteat lossesare found to significantlymodify upward-and
downward-propagatingflames. In the upward-propagatingcase,insteadof a singlebubblerising
in the tube, a two-fingeredflameis observed.Ttfis flamehassomefeaturessimilar to experimen-
tally observedflamesin leanhydrogen-airmixtures. Thedownward-propagatingflameis alsoquite
differentwhen the effectof heat lossesareconsidered.In this case,a flameis "visible" only in
the central portion of the channel(seefigure). Again, this flame is qualitativelysimilar to some
near-limit flamesin experiments.Therefore,we decidedto do further silmflationsincluding the
effectsof heatlossesto isothermalwallsto gainsomeinsight into thedynamicalbehaviorobserved
experimentallyin flamesnearextinguishment.
Extinguishment Process at the Lean-Flammability Limit

The experimentally observed flammability limit is between 9 and 10% for downward flame

propagation in lean IIydrogen-air mixtures. Therefore further simulations including the effect of

wall heat losses were carried out for flames in 10%, 9.75%, 9.5% and 9% hydrogen-air mixtures.

The computational results show that a downward propagating flame in an isothermal channel lias

a flammability limit of around 9.75%. The details of the extinguishment process in this mixture

has been analysed and found to be in excellent agreement with experimental observations.

In experiments, the flame is first observed to halt its downward propagation and then actually

move back up into the burnt products(16]. From the simulations we can understand the rea_uon
for this observed behavior. The simulations indicate that the flame is quenched at the v,:dls and

tongues of colder gases, comprised mainly of burnt products flow down the sides. At the sazne time,

there is an upward motion of the gases at the center of the channel, causing the flame to rise up
into the burnt products. _lrther simulations also indicate that the dilution of the unburnt mixture

with the products of combustion is an essential step in the extinguishment

Our earlier simulations have shown that a flame can propagate downward in a 9% mixture in a
channel with adiabatic walls and cellular flames occur in this mixture in a zero-gravity environment.

These observations taken in conjunction with our current simulations indicate that both heat

losses and gravity are simultaneously required to cause the observed limit. A general conclusion
from this work is that detailed numerical simulations that include wall heat losses can adequately

simulate the dynamics of the extinguishment process in downward-propagating flames [8]. At the

upward-propagation limit, the flames are highly three-dimensional and therefore must await the

development of a three-dimensional model for a complete description.

Instabilities Near the Rich-Flammability Limit

A fundamental question that has not yet been fully resolved is the existence of an intrinsic

flammability limit in a zero-gravity environment. In the absence of buoyancy forces, there axe many

competing factors such as preferential diffusion, flame chemistry, conductive and radiative heat
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losses,the aerodynamicsof burnt gases,andflamestretchthat cancauseor modify flammability
limits. Numericalsimulationsprovidean idealway to systematicallyisolateand evaluatethe role
of variousfactors.

We haveconducteda systematicstudy of flamesin rich hydrogen-airmixtures[13].Because
theseflamesare nearlyone-dimensional,weconductedtheseinvestigationswith the FLAME1D
code. The numerical simulations indicate that a steady burning velocity is not obtained for very

rich hydrogen-air mixtures. As the amount of hydrogen is increased, at first a damped oscillation

is observed in the flame and burning velocities, and then with further increase in the amount of

hydrogen, an undamped oscillation with a complex set of frequencies is observed. Simulations

with a simplified one-step irreversible chemical reaction do not show these oscillations, suggesting

that chemical kinetics plays a strong role in inducing these oscillations. Further analysis shows

that the oscillations are due to a competition for H atoms between chain branching and chain-

terminating reactions. However, the limiting mixture predicted by these simulations is beyond the

experimentally observed limit. These differences may be because of the neglect of phenomena such
as stretch and radiative heat losses.

Simulations of spherically expanding flames suggest that stretch effects (due to curvature)
will cause the oscillations to occur in less rich mixtures than that observed for planar flames.

Further calculations including multidimensional effects and radiative and conductive heat losses

are needed to quantitatively determine the flammability limits in zero-gravity as well as to more

fully understand the significance of the instability induced by chemical kinetics.

Work in Progress

The calculations discussed above have lead to a better understanding of the structure and

propagation of flames. We now understand the reasons for some of the observed differences in the

structure of upward and downward propagating flames. We also have a detailed description of the

extinguishment process in downward-propagating flames and rich hydrogen-air flames. However,

these simulations have also brought up a number of unresolved issues which need to be examined.

Four major issues which need to be addressed are: (1) What is the role of radiation in near-limit

flame phenomena, especially for hydrocarbon flames ? (2) Will the extinguishment process and the

relative importance of various instability mechanisms be the same for hydrocarbon flames as for

hydrogen flames ? (3) Are bltrner-stabilized flames significantly different from freely propagating

flames ? and (4) Itow does three-dimensionality modify the observations flom the two-dimensionai
simulations ?

These are the issues that we are currently focussing on in our research efforts. We have

implemented a sub-model that accounts for radiation from water in our one-dimensional flame

code. Simulations using this model indicate that for the wide range of hydrogen-air mixtures (from
lean to rich), radiative toss plays only a minor role in modifying the flame properties. A sub-

model to account for radiation losses from CO2 is being developed for inclusion in our studies of

hydrocarbon flames.
Detailed reaction mechanisms are available for some hydrocarbons but the cost of including

such mechanisms in time-dependent, multidimensional simulations is very high. The solution of

the chemical rate equations would take a significant portion of the computer time because of the

large number of species and the large number of rate equations involved in a mechanism consisting

of hundreds of elementary reactions. The major advances being made in parallel computing will

probably be the crucial factor enabling us to simulate the hydrocarbon flames to the same level

of detail as we do with the hydrogen flames. Currently, we axe working on a parallel-processing

approach for doing our multidimensional flame simulations. Meanwhile, continuing efforts are also

being made to reduce the cost of doing detailed multidimensional simulations.
One approach to reducing the cost of multidimensional flame simulations is to use a greatly

simplified reaction mechanism. However, some important phenomena may be missed by using a

174



overly simplified mechanism. An intermediate approach is to use a skeletal mechanism [17, 18]

which retains many characteristics of the detailed reaction mechanism. Results from using such a
skeletal mechanism can then be compared to those using the more reduced reaction mechanisms

to evaluate their vahdity and performance. With this approach in view, we are implementing

and testing the skeletal mechanism for methane in FLAME1D. After this, we plan to incorporate

the hydrocarbon chemistry along with the radiation model in FLIC2D and use it to simulate the

structure and dynamics of multidimensional flames in hydrocarbons.

Currently, we have also begun to simulate burner-stabilised flames in order to address the

effects of the burner on the structure and stabiity of cellular flames. Preliminary results indicate

that the tendency to cellular structure can be significantly affected by the presence of the burner.

A freely-propagating flame exhibiting vigorous ceU-splitting can be stabilised at an inflow velocity
lower than the normal burning velocity to suppress the formation of cells. Factors such as the

details of the boundary-conditions imposed at the burner and the inflow velocity appear to play a

significant role on the observed flame dynamics.
Many other interesting flame phenomena observed in microgravity are fully three-dimensional.

The development of simplified but validated radiation and chemistry models along with advances in

parallel computing of reacting flows are required to simulate the detailed dynamics of such flames.
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ON THE STRUCTURE AND STABILIZATION MECHANISMS OF PLANAR

AND CYLINDRICAL PREMIXED FLAMES

o .ioZhu.aodO,onQK.,aw N 9 3" 2 0 1 9 9
Department of Mechanical and Aerospace Engineering

Princeton University
Princeton, New Jersey 08544

The configurational simplicity of the stationary one-dimensional flames renders them
intrinsically attractive for fundamental flame structure studies. The possibility and fidelity of
studies of such flames on earth, however, have been severely restricted by the unidirectional
nature of the gravity vector. To demonstrate these complications, let us first consider the
premixed flame. Here a stationary, one-dimensional flame can be established by using the fiat-
flame burner (Fig. 1a). This flame, however, is inherently nonadiabatic because it is stabilized
through heat loss to the burner surface. Furthermore, radicals generated at the flame potentially
can also diffuse back to the burner surface and become deactivated. Such loss processes have
introduced uncertainties in the study of flame chemistry. Furthermore, even an adiabatic planar
flame can be produced by using the counterflow burner (Fig. lb), where two symmetrical planar
flames are formed in the stagnation field of two opposed jets of premixed gases, the flame is
aerodynamically strained by the nonuniform flow field. The associated flame stretch effects can
significantly modify the flame properties from the idealized one-dimensional flame in the
doubly-infinite domain [ 1].

A class of one-dimensional flames that has the potential of eliminating heat loss and stretch
effects is the cylindrical and spherical flames, where a premixed gas flows through a porous
cylindrical (or spherical) burner and the resulting flame is formed at some distance from the
burner, as shown in Figs. lc and ld. Since the flame is stationary and the flow velocity is in the
radial direction and thereby normal to the flame surface, it is curved but not stretched [1].
Furthermore, while the flame can be stabilized by heat loss to the burner, the divergent ha, __re of
the flow offers an additional stabilization mechanism. That is, as the flow rate is conti:,, msly
increased the flame recedes from the burner and heat loss can be eventually reduced to become
negligible as compared to the heat generated at the flame. At this point the flame temperature is
almost equal to the adiabatic flame temperature. Further increases in the flow rate can be
accommodated by an increase in the flame standoff distance to a position where the flame speed
again balances the flow velocity. Thus, the cylindrical geometry offers a unique advantage for
the study of adiabatic, one-dimensional, stretch-free flames that is not present in other commonly
used experimental systems. It is, however, also clear that because of the distorting nature of the
buoyant flow, such a flame can only be established, and studied, in a microgravity (I.tg)
envtronment.

We next consider nonpremixed flames. First it may be noted that in an unbounded gravity-free
environment, the only stationary one-dimensional flame is the spherical flame. Indeed, this is a
major motivation for the study of microgravity droplet combustion, in which the gas-phase
processes can be approximated to be quasi-steady because of the significant disparity between
the gas and liquid densities for subcritical combustion. However, recent studies [2] have shown

that because of initial conditions, the combustion response such as the droplet burning rate and
the flame location still vary significantly with time. Such complications can be avoided by using
the spherical porous burner of Fig. ld, in which a truly steady spherical flame can be generated
in lag by steadily feeding either a gaseous or a liquid fuel through the burner.
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In view of theaboveconsiderations,anexperimentalandtheoreticalprogramon cylindrical and

spherical premixed and nonpremixed flames in microgravity has been initiated. For premixed

flames, we are interested in (1) assessing the heat loss versus flow diver.gence as the dominant
stabilization mechanism, (2) determining the laminar flame speed by using this configuration,

and (3) understanding the development of flamefront instability and the effects of flame
curvature on the burning intensity. For nonpremixed flames, we are interested in the state of
extinction and Ihe properties of the soot layer formed in the inner region to the flame, as
observed in microgravity droplet experiments [3]. For both premixed and nonpremixed flames
the detailed dynamic, thermal, and chemical structures of the flame will also be studied through
laser-based instrumentation and computation with detailed chemistry.

As a starting point for the present program, we have performed a computational and normal-
gravity (ng) experimental investigation of the planar premixed flame over the flat flame burner,
which serve as a calibrating and referencing system for the study of cylindrical flames. We have

also performed theoretical, computational and p.g experimental investigations of the cylindrical
flame, and will present comparisons between the planar and cylindrical flames.

Asymptotic Analysis and Oualitative Behavior

The nondimensional conservation equations for the reactant mass fractions Yi and temperature T

can be expressed for the cylindrical flame as

m--_-- - _ d?'(-----_-'J -[m---_- "---!--d[rd_°/]=0Leo dr-, dr-, (1)[

- d_/F __Ld (2)

~ dYr 1 dl-d_r' _ A T_Fr/'oexp[_{_)]
m--_--_ d_r----_] - E2(_.o_ 1)

(3)

In the above the nondimensional quantities are _" = r/rs, ffa= mcrg2x_., _F = Yd[3r. =

Yo/Bo[3o, Lei = )_/cppsDi is the Lewis number of the ith soecie, _i" = cpT/qF, _i = p/pf, p, =
[3o/mo[_, A is the burning rate eigenvalue, and e = _.fz/_a is the small expansion parameter,
where Ta is the activation temperature. Furthermore, r is the radial coordinate, rs the burner
radius, _i the mass flux fraction of the ith specie at the burner surface, I.to is the stoichiometric
mass ratio between oxygen and fuel, p the density, cp the mixture specific heat, _. the thermal
conductivity, Di the mass diffusivity of the ith specie, q_ the energy release per unit mass of fuel
consumed, and m the mass flow rate per unit burner length. The boundary conditions are

_ __ _dr o
_" = 1 • T = _'s flair __!_1,_ d_F = ffa flaY°" _oo r _ (4)

Y".--}** : _I', Yi bounded (5)

where Ts is the burner surface temperature. The analysis was restricted to a fuel lean system with
a one-step irreversible reaction. The problem is now well defined, and the analysis proceeds

using the standard techniques of asymptotic analysis [4], with e as the small expansion

parameter.
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The proper independentvariablefor the systemis the massflow ratem, with theoverall flame
responsebeing theflametemperature,the standoffdistancefrom theburner,and theheatloss to
the burner. The analysisyields the following expressionsrelating the nondimensional flame
temperature_f, flameradius'_f, and burnerheat loss L to the normalizedmassflow rate M=
m/m ° for thecylindrical geometry,

11=-- :xp_ (6)_.1o = rf_ 2 Tad _rf

(7)

r+ = (8)

where Tad is the adiabatic flame temperature and m ° = 2_sPsSu ° is a reference flow rate based on
the laminar flame speed. Note that due to divergence M can have a value greater then one. The
nondimensional heat loss is L = I.+/m°_lF, where L is the heat transfer to the burner, and can be

interpreted as the energy transferred to the burner per unit reference energy of the mixture.

Figures 2 to 4 are graphs of the heat loss L,, flame standoff distance A = rf - rs, normalized flame
temperature Tf =_f / Tad and heat loss per unit mass as a functions of M. In order to present the
results for the planar and cylindrical geometries on the same graph, the standoff distances are
normalized by the laminar flame thickness _i° = k/CppsSu °, rather than by the burner radius.
Figures 2 and 3 show that the standoff position and the total heat loss rate display a dual response
behavior in that the heat loss has a maximum and the flame standoff position has a minimum.
This behavior has been observed experimentally [5,6] and explained theoretically [7] for the

planar flame.

For the planar case M is bounded by one, at which the flame moves to infinity, the heat loss to
the burner vanishes, and the flame speed is Su °. On the other hand, for the cylindrical flame M
can be increased beyond one due to flow divergence. Consequently, the flame is located at a

finite standoff position even after the heat loss has become vanishingly small. The stabilization
mechanism has therefore changed from heat loss to flow divergence. Comparing the results of

the two cylindrical flames with different burner radii, the flame with the smaller burner is
stabilized closer to the burner because of the larger divergence effect of the smaller burner.

It is also of interest to examine the mass flux through the reaction zone and compare it with the
reference laminar flame value. An expression for this can be obtained by normalizing the mass

flow by a reference mass flow rate based on the reaction zone area, mf ° = 2_rt'psSu °. The
resulting expression is

ffl Tf [l_l 1 1t ]m---_ = "_':x_--_ _nd _ f (9)

This equation shows that when Tf approaches Tad the mass flux at the reaction zone approaches

the laminar flame value such that the burned velocity Sb is ,e_ual to Sb °. Consequently, the
unburned velocity Su must exceed the laminar flame speed Su. This effect is due entirely to

flow divergence.
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Computational and Experimental Studies - Methodolot, v

Methane/air/inert mixtures were used in the studies. In the numerical simulation a version of the

Sandia premixed flame code was used, with modifications to ensure strict mass conservation in

the divergent flow field. The kinetic mechanism used was that developed by Egolfopoulos et al
[8].

The experimental flat flame burner was made of a 5.1 em diameter porous bronze disk with
20gm pore size and embedded cooling coils. Thermocouples were positioned inside the porous
plug at known distances from the surface to measure the temperature gradient at the burner
surface, from which the heat loss rate can be determined. During the experiments, the burner
surface temperature was held at a constant value by varying the coolant flow rate. The inner and

outer edges of the luminous zone of the flame were measured visually using a microscope. For
detailed comparison, temperature profile through the flame was measured by using both
thermocouples and Laser-Raman Spectroscopy. Experiments with the fiat-flame burner were
conducted under normal gravity conditions.

The cylindrical burner was made of a porous bronze tube with 5_ttn pore size, 1.25 cm diameter,
and 3.76 cm active length. Due to the small burner size and the limited duration of the
microgravity experiments, no cooling was used for the burner. A thermocouple was inserted
inside the burner wall to record burner temperatures. Experiments were performed under
microgravity conditions at the NASA-Lewis 2.2 second drop tower. Mass flow rates were
measured using sonic flow nozzles and pressure transducers to record upstream pressures during
the experiment. A video camera was used to record flame shapes and standoff distances.

Computational and Experimental Studies - Results

For the planar flame, Fig. 5 shows the optically-measured and computed temperature profiles
across a t_--0.75 methane/air flame with a mass flow rate of 0.015 gm/cm2-s. The comparison is
fairly close, especially for the final temperature. This could imply that radiative heat loss, which
is not included in the numerical calculations, is probably indeed unimportant for the weak flame
investigated. The horizontal shift between the experimental and calculated profiles is about 0.25
mm. Since the flame location and thereby the temperature profile are fairly sensitive functions of
the surface temperature, this shift could be due to a slight inaccuracy in the measured surface
temperature.

Figure 6 compares the experimental and calculated flame standoff position and burner heat loss
rate. For the numerical calculations the flame location was defined to be the position of
maximum CH radical mole fraction, since this is the major species contributing to the flame
luminosity. It is seen that the calculated flame standoff distance is smaller than the experimental
values, with a correspondingly larger calculated heat loss rate. The overall level of agreement,
however, can be considered to be satisfactory in view of the independent nature with which the
calculation and experiments were conducted.

For the cylindrical flames, mixtures of CH4 + 202 + 7.52 N2 + 5.665 He, with an effective Lewis

number of 2.2, were used for the experiments; helium was added to enhance flamefront stability
[9]. The adiabatic flame temperature for the unburned mixture temperature of 300 K is 1885 K,
and the calculated laminar burning rate is 17.1 cm/s, or 0.0135 gm/cm 2 s.

Figure 7 compares the calculated and measured flame standoff distance as a function of

normalized mass flow M. Since the flames were not strictly cylindrical, the vertical bars of the
experimental data show the range of the flame positions. The numerical results show that there
is no heat loss to the burner at the flow rates shown in the figure. The comparison shows that for
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high massflow ratesthe calculatedresultsarehigherthan theexperimentalvalues. The cause
for this disagreement needs further study.

Summary_

Microgravity cylindrical and spherical flames offer well-controlled flame configurations for
fundamental studies of the structure and response of premixed and nonpremixed flames.
Preliminary analytical, computational, and experimental studies demonstrate the viability of this
approach.
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THE EFFECTS OF GRAVITY ON WRINKLED LAMINAR FLAMES

Lawrence Berkeley Laboratory .....

Energy & Environment Division

Berkeley, California 94720

Introduction

The effects of gravity are significant to the dynamics of idealized unconfined open premixed flames. Moderate to
low turbulence Reynolds number flames, i.e. wrinkled laminar flames, of various unconfined geometries have

been used extensively for investigating fundamental processes of turbulent flame propagation and to vafidate
theoretical models. Without the wall constraints, the flames are free to expand and interact with surrounding

ambient air. The flowfield in which the flame exists is determined by a coupling of burner geometry, flame

orientation and the gravity field. These complex interactions raise serious questions regarding the validity of

comparing the experimental data of open flames with current theoretical and numerical models that do not include

the effects of gravity nor effects of the larger aerodynamic flowfield. Therefore, studies of wrinkled laminar
flame in microgravity are needed for a better understanding of the role of gravity on flame characteristics such as

flame orientation, mean aerodynamics stretch, flame wrinkle size and burning rate.

To date, most studies of microgravity combustion have concentrated on investigating laminar flames. The

primary diagnostic used is high speed movies of flame luminosity to observe gross flame properties changes. For

example, Durox et al. [1] reported flame tip motion of rich laminar Bunsen flames under microgravity and
analyzed the motion by a flame instability model. However, the study of premixed turbulent flames under

microgravity requires more sophisticated diagnostics. But there are also many experimental constraints. The
short duration of microgravity experiments in drop towers or onboard parabolic flights precludes detailed

statistical investigation of velocity and scalar fluctuations. The lack of a high power laser source prohibits the use

of many established techniques to measure parameters such as flame crossing frequencies and mean scalar length

scales suitable for direct comparison with theoretical models such as the one developed by Bray et al. [2].

Our approach to characterize and quantify turbulent flame structures under microgravity is to exploit qualitative

and quantitative flow visualization techniques coupled with video recording and computer controlled image

analysis technologies. The experiments will be carried out in the 2.2 second drop tower at the NASA Lewis
Research Center. The longest time scales of typical wrinkled laminar flames in the geometries considered here are

in the order of l0 msec. Hence, the duration of the drop is sufficient to obtain the amount of statistical data

necessary for characterize turbulent flame structures.

Diagnostics and apparatus

Schlieren visualization was widely used in early studies of premixed turbulent combustion. Because it is a line-of-

sight technique, it has been superseded by laser planar imaging techniques in recent years. Schlieren's most

appealing aspects for microgravity work are that it require relatively low power light source, the optics are
relatively simple and it is easy to align. When using a laser source coupled with modern CCD cameras with high

shutter speeds (up to 1/100(30 sec), new video recording and analysis technologies, laser schlieren can provide

qualitative information of the flame flowfield and quantitative information such as flame angles and perhaps flame
wrinkle size.

The schlieren system developed for our microgravity experiments uses a 0.5 mW He-Ne laser light source and
two 75 mm diameter schlieren lenses. The lenses' diameter is also the effective field-of-view of the system. Due

to the constraints of the drop package size, the two lenses are of different focal length. The transmitting lens has

This work is supported by NASA Microgravity Sciences and Applications Division. Technical support is

provided by NASA Lewis Research Center under contract No. C-32000-R. Project Scientist is Dr. Karen J.
Weiland.

- v -

183



a relatively short focal length of 300 mm and the converging lens has a focal length of 1000 nun to maintain a

sensitive system. An opaque spot etched on a glass window is used as the schlieren stop. This arrangement

produces a reverse field image (i.e., dark background), and regions of high density gradients appear bright.

A CCD camera and video recorder are used to record the schlieren images with the shutter speed varied from 1/60

to 1/10000 sec. The system has an effective framing rate of 60 Hz even though standard play-back speed is 30

Hz. Each frame is made up of two interlaced fields (i.e., separate images) recorded 1/60 sec. apart. Individual

fields can be displayed on the S-VHS deck during freeze-frame operation or the images can be digitize_d the

fields separated using a computer controlled image processing system. The digitized images can be stor_,_..d

analyzed by standard image processing software.

A conical Bunsen type burner is used for the first set of experiments. The burner is made of aluminum and has a

25 mm diameter outlet supplied by a converging nozzle mounted on a cylindrical settling chamber. The

converging nozzle is designed to produced laminar flows with uniform velocity distribution across the exit. The

flame is stabilized by a ring fitted to the exit of the burner to enable stabilization of lean flames. Turbulence is

generated by a perforated plate placed 20 nun upstream of the exit. The laser, optics, burner, flow control and
supply systems, and onboard computer are mounted inside a standard 3' x 3' x 1.5' drop package Trame for the

NASA Lewis Research Center 2.2 second drop tower (Fig. 1).

Normal gravity studies

As a necessary prerequisite to the microgravity experiments, we have conducted a parametric study to determine

the mixture and flow conditions at which the effects of gravity on flame characteristics are most prominent.

Schlieren images of laminar and turbulent conical flames subjected to +g (upwards) and -g (downward) forces are

compared. In addition to schlieren visualization, selected flames are investigated in detail by the use of two-

component laser Doppler anemometry (LDA) to determine the coupling between the flowfieid (encompassing the

reactants, flame, and surrounding gases) and the flame characteristics.

Figure 2 shows a typical schlieren image of a + g laminar conical flame. The flame is shown by the triangular

silhouette above the burner exit. In addition, the interfaces formed between the hot products and the ambient air

are also visible. This product/air interface is unstable and is characterized by the formation of bulges reminiscent

of the roll-up of torroidai vortices. A comparison of two time sequences of + g and -g schlieren images of a

laminar methane/air flame (d_ = 0.6 and incident flow velocity U = 0.7 m/s) is shown in Fig. 3. The

development of the roll-up vortex like structure in the unstable product/air shear interface is apparent. The video

also shows that the flame tip moves up and down synchronously with this shear layer disturbance. Subjecting the

flame to -g changes the flame shape and turns the product/air interface into a stable envelope of hot gases, so the

flame is much more stable than in the + g case.

The flame tip motion being fully synchronous with the unsteady product/air interface is also observed in the +g

turbulent cases. Figure 4 shows a typical sequence. The flame wrinkles are either stretched larger or compressed

smaller during the cycle. This implies a direct flowfieid effect on the turbulent burning rate.

Durox et al. [1] also reported and analy_ flame tip motion in their rich laminar flames under normal and

mJcrogravity. By only observing flame luminosity, they were not aware of the significance of the product/air
interface. The flame tip motion in their study was attributed to flame instability developed at the burner rim. To

estimate if their results are consistent with the present data, the schlieren videos are analyzed to determine the

fluctuation frequencies of the product/air interface. The width of the product/air interface silhouette at the mean

height of the flame tip are determined for 60 fields (1 sec total time). The results are fitted with a cubic spline

and analyze by Fast-Fourier-Transform. All flames show primary fluctuation frequencies between 8 to 13 Hz
(Fig. 5). These frequencies are about the same as those reported by Durox et al. Therefore, it seems that the

flame tip motion observed by Durox et al. are also induced by the instability of the product/air interface.

The unstable product/air interface also induces flow fluctuations in the approach flow. The velocity spectra

obtained at the centerline about 4 mm upstream of a laminar flame tip clearly show a dominant fluctuation

frequency (Fig. 6) and higher harmonics of this primary frequency also exist. This is a strong evidence of the

coupling between the flowfield and flame front dynamics. Velocity spectra obtained in a turbulent flame also
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show the dominant fluctuation frequency (Fig. 7) though the relative energy containing in this frequency is

diminished by the turbulent kinetic energy associated with the grid turbulence. This observation strongly suggests

that the unstable product/air interface has a significant influence on flame propagation and is the avenue through

which gravity affects turbulent flame characteristics. These results have been presented at the poster session of

the 24th International Combustion Symposium [3].

Planned activities and diagnostic development

The microgravity work will be carried out at NASA Lewis Research Center in September, 1992. The experiments

will be concentrated on methane/air laminar and turbulent flames with equivalent ratio from 0.5 to 1.0 and mean

flow exit velocity from 0.5 to 1.0 m/s. These are the conditions found to be most affected by the change in the

direction of the gravitation forces. Schlieren will be the primary diagnostic and the results will be analyzed as

outlined above to obtain the changes in the flame shape, and the fluctuation frequencies of the flame tip and of the

product/air interface. The videos will also provide qualitative information on the changes in the flame wrinkle
sizes.

The second phase of the microgravit_y experiments will involve the use of other flame configurations such as rod-
stabilized v-flames. The development of quantitative diagnostics for measuring flame wrinkle characteristics is

also planned. The single beam schlieren technique will be exploited for measuring the flame crossing frequencies

at a point. The deflection of a He-Ne laser beam traversing the flame zone can be quantified by the use of a

diode. Fast Fourier transform of the diode output wiil produce a spectrum of the flame crossing frequency that is

directly related to the flame wrinkle sizes. Refinement of the technique will rely on comparing the results with

those obtained from the Mie scattering from oil droplet method that is normally used in laboratory experiments.

The comparison will also help to establish the proper data interpretation method.
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Figure2:Typical SchlierenImageof PremixedLaminarBunsenFlame.

+g

-g

t=0.0 t=0.0167 t--0.0333 t=0.05

Figure3: TimeSequenceof SchlierenImagesfor LaminarFlame.
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Figure4:TimeSequenceof SchlierenImagesfor TurbulentFlame.
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Introduction

Unlike the combustion of homogeneous gas mixtures, there are practically no reliable

fundamental data (i.e., laminar burning velocity, flammability limits, quenching distance,

minimum ignition energy) for the combustion of heterogeneous dust suspensions. Even

the equilibrium thermodynamic data such as the constant pressure volume combustion

pressure and the constant pressure adiabatic flame temperature are not accurately known

for dust mixtures. This is mainly due to the problem of gravity sedimentation. In

normal gravity, turbulence, convective flow, electric and acoustic fields are required to

maintain a dust in suspension. These external influences have a dominating effect on

the combustion processes. Microgravity offers a unique environment where a quiescent

dust cloud can in principle be maintained for a sufficiently long duration for almost

all combustion experiments (dust suspensions are inherently unstable due to Brownian

motion and particle aggregation). Thus, the microgravity duration provided by drop

towers, parabolic flights, and the space shuttle, can all be exploited for different kinds

of dust combustion experiments. The present paper describes some recent studies on

microgravity combustion of dust suspension carried out on the KC-135 and the Caravelle

aircraft. The results reported are obtained from three parabolic flight campaigns; NASA

KC-135 (March and July 1992) and ESA Caravelle (April 1992).

General Considerations

Pioneering studies of microgravity combustion of lycopodium dust clouds have been

carried out by Berlad, Ross and co-workers at NASA LeRC [1,2]. Acoustic waves from

a speaker at one end of a 5 cm × 30 cm flame tube was used to lift a uniform layer of

dust initially placed along the horizontal tube. An inflatable balloon at the other end of

the tube maintains more or less constant pressure combustion. Chattering or pulsating

flames were observed which were credited to the non-uniform stratified distribution of

the dust by the acoustic field [3]. However, vibrating flames are typical for flame prop-

agation in tubes due to flame-pressure wave interactions. Laminar burning velocities
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were deduced based on an estimate of the complex flame shapes. Adhesion of the dust

to the tube wall was found to be a problem.

Although the laminar burning velocity and the temperature profile in the reaction

zone provide more important information on the flame propagation mechanism, we con-

sider it important to first obtain some thermodynamic data on dust combustion in mi-

crogravity. The standard combustion experiment for dust suspension is constant volume

burning where the peak pressure and the maximum rate of pressure rise are determined.

Standard apparatus and procedures have been developed (e.g., the Hartmann bomb,

the spherical 20 liter bomb of Siwert, the 1 rn 3 vessel of Bartknecht) by the dust explo-

sion community. In all these apparatus, a given sample of dust is first dispersed by a

strong turbulent jet and the subsequent suspension is then introduced into the partially

evacuated combustion chamber. A key parameter is the so-called dispersion turbulence

which decays rapidly with time. However, in normal gravity, dust sedimentation occurs

when the dispersion turbulence decays and it is necessary to carry out the burning at

a high level of turbulence in the dust suspension. Strong turbulence tends to stratify

the dust in the eddies beside having a quenching effect on the combustion processes

(especially for the slower burning rates of heterogeneous dust mixtures). Furthermore,

turbulence also strongly influences the transport and hence burning rate. Therefore,

the rate of pressure rise is strongly influenced by the dispersion turbulence and perhaps

more so than by the chemical and physical properties of the dust cloud itself. Thus far,

it has not been possible to obtain accurate data even on the thermodynamic combustion

parameters for dust suspensions. In microgravity, where sedimentation is absent, it is

then possible to wait till the dispersion turbulence has decayed prior to ignition. In this

manner, more fundamental information can be obtained that is characteristic of the dust

cloud and not the apparatus and procedure. We judge that this is an appropriate first

step towards the understanding of dust cloud combustion.

Apparatus

Experiments were carried out during the nominal 20 sec duration of #g of parabolic

flights of the NASA KC-135 and ESA's Caravelle. The spherical combustion chamber

used is 5.4 liters in volume (--- 20 cm diameter) and is essentially a 1/4-scaled down

version of the standard 20 liter spherical bomb of Siwert [4]. The dust sample is placed

inside a small cylindrical dust cup which is connected to a small pressure vessel of

about 0.2 liter in volume via an electrically operated solenoid valve. When the valve

is activated, the high pressure air from the 0.2 liter chamber discharges into the dust

cup and disperses the dust sample. The resulting dust suspension then flows into the

spherical combustion chamber through numerous small jets (_ 1 rnrn diameter) spaced

about 1 cm apart around the inner radius of a tubular ring inside the spherical vessel.

The spherical vessel is initially evacuated to some sub-atmospheric pressure so that after

the dust dispersion, the final pressure in the chamber is atmospheric. Ignition is via a

small pyroelectric match-head and the time delay between dispersion (activation of the
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solenoid valve) and ignition is controlled by a time delay generator. A schematic of
the apparatus is shown in Fig. 1. To carry out the experiments on board the KC-
135, a self-containedsystem comprising the vacuum and compressedgas supply, data
acquisition system and the various electrical equipment, and control valves is required.
This system is shownschematically in Fig. 2. The dust usedis aluminum and two mean
particle sizes are used (AMPAL 637 (d_2= 5 #rn) and AMPAL 615 (d32 = 20#m).

Electron micrograph analysis of these dusts indicate a far from spherical morphology.

Instead, the geometries of the particles are highly irregular. Two pressure transducers

(PCB 113A24) with heat shields are used as the main diagnostics and a matrix of light

absorption probes are used to monitor the dust concentration inside the vessel. The

concentration-time measurements are taken without combustion in the vessel. After

each experiment, the burnt products are evacuated to outside the aircraft and the bomb

is opened to clean the residual deposits.

Results and Discussion

Figure 3 compares the pressure-time curves (for the 5/zm dust) for both the normal

and #g experiments. For short delay times (i.e., 0.2 re�s), the normal and #g results

are practically identical, indicating that the dispersion turbulence dominates the early

time combustion processes inside the chamber. As the turbulence decays both the peak

overpressure as well as the rate of the pressure rise decreases for the normal gravity

experiments. The decrease in peak overpressure with delay time for the initial period

can be credited to both turbulent quenching and wall deposits as the dust jets impact on

the wall. It should be noted that the duration of the dispersion process (i.e., pressurized

air discharging from the 0.2 liter vessel) is about 500 ms. Thus, the turbulence level is

still fairly intense for the first few seconds after the start of the dispersion process. The

slower decrease of the peak pressure (as well as the rate of pressure rise) for the longer

delays of 10 sec and 15 sec could be due to gravity sedimentation. For the micrograv-

ity case, we note that the pressure-time profile appears to reach an asymptotic limit

without the gravity sedimentation. The rate of pressure rise remains the same for differ-

ent delay times, indicating that the influence of the dispersion turbulence is essentially

negligible after about the first 5 sec. For both the normal and the #g experiments, the

optimum peak overpressures (corresponding to a time delay of 200 ms) is about 6.2 arm.

as compared to the theoretically computed constant volume explosion overpressure for

aluminum of 11.6 arm. Incomplete voiding of the dust from the dust dispersion system

into the vessel, adhesion of the dust to the wall, as well as heat losses and quench-

ing as the flame reaches the copper wall of the spherical vessel could account for this.

From the microgravity gravity results, an asymptotic value of the peak overpressure of

about 4 atm is obtained, corresponding to only about 10% of the dust that is actually

burnt in terms of energetics. Hence, instead of the global nominal dust concentration, of

500 gm/m 3 based on the total account of dust divided by the volume of the bomb, only

about 10% remains in suspension after the dynamic process has subsided. The actual

amount of dust may be higher since heat losses to the wall and the dispersion ring may
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be significant. Assuming a thin sphericalflame, onecan alsodeducethe laminar burning
velocity from the pressure-timecurve [5]. The laminar burning velocity corresponding
to the asymptotic pressure-timehistory from the microgravity experiment is found to be
about 0.25 ms based on the peak overpressure of 4 atm observed experimentally. This

is quite a reasonable value.

The peak overpressure versus time delays for the 5 #rn and 20 #rn dusts are shown

in Fig. 4. The continuous decrease in the peak overpressure with time in normal gravity

after the dynamic dispersion processes have subsided can be attributed to gravity sed-

imentation. The microgravity results show an asymptotic limit of about 4 bars after a

delay time of about 5 sec where most of the initial dispersion turbulence processes have

decayed. However, for the large particle size case, both the microgravity and normal

gravity experiments are similar, i.e., the initial dynamic processes completely control

the combustion. An optimum peak overpressure (at 200 ms delay) of only 4 bars (as

compared to 7 bars for the 5 #m dust) indicating that substantial amounts of dust

are not discharged from the dispersion ring. When dispersed, the larger particles also

do not follow the recirculation turbulent flow and hence more losses to the wall occur

due to particle impact result. For large particles, the standard method of dispersion is

not suitable and perhaps the simpler (but perhaps less uniform) method as used in the

Hartmann bomb may give better results.

Conclusion

The preliminary experiments so far have demonstrated the feasibility of obtaining

a quiescent dust cloud for fundamental flame propagation studies in microgravity. The

major problem that has been identified is the initial generation of the dust suspension

and its introduction into the combustion chamber. Higher shear rates from an intense

turbulent jet is found necessary to break up an agglomerated dust sample, yet a low

velocity laminar flow is needed to introduce the suspension into the combustion chamber

to avoid turbulent stratification and high speed impact and subsequent adhesion of the

dust to the chamber wall. These are technical problems that can best be resolved by more

manned experiments on the KC-135 (or equivalent). Once the dust dispersion problem

has been resolved, fundamental experiments on flame propagation, structure, quenching

distance and flammability limits, minimum ignition energy can readily be designed.

Theoretical modelling is considered to be of vital importance in design of the experiments

clue to the large number of variables involved in dust combustion. The limited diagnostic

that can be effectively used for optically thick dust flame in the restricted space lab

environment also necessitates the use of theoretical models for interpretation of the

experimental results obtained.
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1. Introduction.

The aim of this study is to provide a numerical and asymptotic
description of the structure of planar laminar flames, propagating in a

medium containing a uniform cloud of fuel-particles premixed with air.
Attention is restricted here to systems where the fuel-particles first vaporize
to form a known gaseous fuel, which is then oxidized in the gas-phase. This
program is supported for the period September 14, 1991 to September 13, 1992.
Some results of the study is shown in Ref. 1. The work summarized in Ref. 1

was initiated prior to September 14, 1991 and was completed on February 1992.
Research performed in addition to that described in Ref. 1 in collaboration
with Professor A. Linan, is summarized here.

The model developed here is built on previous asymptotic analysis
structure of premixed particle-cloud flames [1]. In this previous analysis the
vaporization rate of the fuel-particles was presumed to be proportional to

Ts 1.33, where Ts is the temperature of the fuel-particles. Hence, the activation

temperature in an Arrhenius-type rate law for the vaporization process is not
large. For simplicity, the temperature of the fuel-particles was presumed to be

equal to the gas temperature. The analysis was performed for values of 0u > 1.0,

where _Pu is the equivalence ratio based on the gaseous fuel available in the

particles. For given values of ¢?u the analysis yields results for the burning

velocity and 0g, where _g is the effective equivalence ratio in the reaction

zone [1]. The analysis shows that even though _Pu > 1.0, for certain cases the

calculated value of 0g is less than unity.

A two-temperature model is described here, where the temperature of
the fuel-particles is different from the temperature of the gas. However the

size of the fuel-particle is assumed to be small enough so that its velocity is
nearly equal to the gas velocity. A general treatment of flame propagation
supported by volatile fuel-particles should consider both radiative and
molecular transport mechanisms, the temperature difference and the
differences in velocity between the gas and the particulates, the
nonadiabaticity of combustible systems of finite size, as well as the detailed
kinetics of oxidation and the kinetics of vaporization pyrolysis. This work has
the somewhat limited aim of examining the interplay of vaporization kinetic
and oxidative kinetic processes for cases where nonadiabatic and radiative

transport mechanisms are not substantial.
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2. Eo.matttlD_ 

A model is developed to describe steady, one-dimensional, planar flame
propagation in a combustible mixture consisting of uniformly distributed fuel-
panicles in air. The initial number density of the panicles, nu (number of

particles per unit volume) and the initial radius au are presumed to be known.

All external forces including gravitational forces effects are assumed to be
negligible. The kinetics of vaporization of a fuel-panicle is represented by
the expression

TsJ
O)

where fia represents the mass of gaseous fuel vaporized per unit time from the

fuel-particle, a and P s are the instantaneous radius and density respectively of

a fuel- particle. The rate parameters A and Tar which respectively represent

the frequency factor and the activation temperature of the vaporization
process are presumed to be known. The ratio Tav/Ts is presumed to be a large

quantity.

Consider a vaporizing fuel-particle in an ambient atmosphere. The
balance equation for the mass fraction of the gaseous fuel vaporizing from the
fuel-particle YF, and the energy balance equation can be written as,

0YF l ____lr2__k_ OVFl

4_r 2 Or "r 2 Or[ CpLF-'_--] =0' (2)

rh _T)-lB--Ir2k =0,
4 g r2 8r r2 _

(3)

where r is the radial coordinate. For the gas mixture k is the thermal

conductivity, Cp the heat capacity, and T the temperature. The quantity LF =

k/(pcpDF) is the Lewis number of the gaseous fuel which is presumed to be a
constant and DF is the diffusion coefficient of the gaseous fuel. Boundary

conditions for Eqs. 2 and 3 far from the surface of the fuel-particle, and at the
surface of the fuel-particle can be written as,

T=T..,YF=YF. as r--_oo,

T = Ts, ria (1 - YF) =" 4 _ k r2 _Yr: at r = a.
Cp LF or

(4)

The values of T. and YF,- will be determined from the solution of the

equations governing the structure of the laminar flame. The temperature of
the fuel-particle Ts can be calculated from the energy balance equation
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(5)

where t represents the time, Cs represents the heat capacity of fuel-panicle,

and Lv represents the heat required to vaporize unit mass of vapor from a fuel-

panicle. The values of Cp and Cs are presumed to be constant. If the value of k
is also presumed to be constant, then from integration of Eqs. 2 and 3, using Eq.
4 to determine the constants of integration, the profiles of YF and T can be

expressed as

and

YF=I-(1-YF") exp (- fi_ cp LF_"4 gkr I" (6)

. . p mop
T=Ts qs +(T.-Ts+_-_m)eX (-4gkr}

Cp m

(7)

Introducing the definition,

(8)

from Eqs. 5 and 7 it follows that

4 g ak _,(T.- Ts) 4gakL_,

(X)-I __ dTs+ _a 3pscsd-_. (9)

The term on the left side of Eq. 9 denotes the rate of heat transfer from
the gas to the fuel-particle, with the effective Nusselt's number denoted by

_,/[exp (_,) - 1]. The first term following the equality sign on the fight side of

Eq. 9 denotes thc latent heat required to vaporize the fuel-panicle, and the
second term denotes the sensible heat required to raise the temperature of the

fuel-particle. It follows from Eqs. 1, and 8 that

_.=--_Aexp - Ts/"
(10)

Let Tv denote a characteristic value of the temperature of the fuel-

panicle for which the value of _, evaluated from Eq. 10 is of order unity. For Ts

< Tv, the vaporization rate and consequently the value of _,, is exponentially

small. In the limit of small values of _., _./[exp(_.) - 1] = 1. Hence the first term

on the fight side of Eq. 9 can be neglected in calculating the value of Ts. For Ts

-Tv, 7_ is of order unity. If the value of Ts is allowed to increase beyond Tv,

then the value of _. would become exponentially large and the term on the left

side of Eq. 9 would become exponentially small, consequently the rate of heat
transfer from the gas-phase to the solid, will be small. Therefore, for values of
Ts beyond Tv, the value of the derivative dTs/dt _ will be negligibly small, so that

the value of 7_ remains of order unity. For simplicity, it is presumed that th = 0
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for Ts < Tv and the value of Ts does not increase after it attains the value Tv.

as,
The governing equations for the structure of the flame can be written

V = puUu +_ ps nu uu (a_-a3_
(11)

d(V YF) .__kL d2YF = nupuuu rh- WF p",
dx Cp LF dx 2 V p

____ : d2Yth vzo .

(12)

(13)

_V Cp T) _ ku dzT - nupuuu Pu
dx dx 2 V qP + QR WF --.p

(14)

Here the subscript u denotes conditions in the ambient reactant stream.

The subscript °*has been dropped from the quantities YF, YO2 and T appearing

in Eqs. 12-14. The quantities WF and wo2 denote the rate of consumption of

gaseous fuel and oxygen per unit volume, and QR is the heat released per unit

mass of gaseous fuel consumed. The independent variable x is related to the

spatial coordinate x' as,

x= dx'. (15)

In the regions where T s < Tv, the vaporization rates are assumed to be

negligibly small hence the radius of the fuel-particle does not change and its

temperature Ts and the quantity qp can be calculated from the relations,

and

a_ Ps Cs V dTs= 3k.____u(T2 - T_) (16)
Pu dx 2 Tu

-v-d-_-T (17)qp=- /l:a_psCspu dx

When the value of the temperature of the fuel-particle reaches Tv, they

begin to vaporize and the increase in their temperature is negligibly small.
The radius of the fuel-particle and the quantity qp can be calculated from the

i

expressions,

a_. = lqpa [T _ Tv + (Tv _ __} in (1 + Cp_Tv))] (18)
Tu Cp Ps V

and,

qp = ria (Cp - I_), rh =- Ps 4 g vd(a3) (19)
Pu dx"

,0
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In deducing the system of equations 12-19 the product pk was presumed

to be a constant. The chemical reaction between the gaseous fuel and the

oxidizer is presumed to occur by a one-step process. The system of equations

12-19 were solved numerically.

3. Results

For purpose of illustration calculations were performed assuming that
the gaseous fuel that evolves from the fuel-particle is methane. The chemical
kinetic rate parameters characterizing the gas-phase oxidation were chosen
such that the burning velocity for stoichiometric mixture of gaseous methane
and air is 37 cm/s. The values of some of the parameters used in the

calculations are ku = 0.00035 cal/(cm s K), Pu = 0.001135 g/cm 3, Ps = 1.0 g/cm 3,

Tu = 300 K, Tv = 600 K, Lv/QR = 0.01. Results of some of these calculations for

values of au equal to 0.0007 era, 0.0010 cm, and 0.0015 cm are shown in Figs. 1

and 2. Figure 1 shows the the burning velocity Uu, as a function of the

equivalence ratio t_u, calculated based on the gaseous fuel available in the fuel-

particles. Figure 1 shows that steady flame propagation is possible in fuel-rich
combustible mixtures. In Fig. 2 the structure of the flame is plotted at a value

of _u = 1.89 and au = 0.0010 cm. The various non-dimensional quantities

appearing in this figure are defined as,

z puUuCp ____T'Tu Ts-Tu
= ku x'O=T_-T"'Os=-o-. Tb-Tu '

Y02
tX=_,yF =4YF yo,=_

YO_ ' YO_

(20)

where Tb is the adiabatic flame temperature. Interpretations of results similar

to those shown in Fig. 1 and 2 are currently in progress.

4. Future Research.

Future research is directed toward performing numerical

using the system of equations 12-18 over a wide parametric range.
description of the flame structure will also be attempted.

calculations

Asymptotic

5. References.
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Introduction

Combustion synthesis or self-propagating high temperature synthesis (SHS) is effectecl by heating a reactant mixture,
to above the ignition temperature ('Fig) whereupon an exothermic reaction is initiated which produces a maximum or

combustion temperature, Tc. These SHS reactions are being used to produce ceramics, intermetallics, and composite
materials.' One of the major limitations of this process is that relatively high levels of porosity, e.g., 50%, remain in the
product. Conducting these SHS reactions under adiabatic conditions, the maximum temperature is the adiabatic
temperature, Tad, and AH (Tad) = 0, Tad = Tc. If the reactants or products go through a phase change, the latent
heat of transformation needs to be taken into account,

Ttrans Tad,

i.e.&H(Tad) = AH(To) . [ CpdT ± AH(trans) + [ Cpdt = 0 (6)
To Ttrans

where To is the initial or starting temperature, eg. 298 K. Ttrans is the phase transition point of a reactant -AH(trans)
or a product +AH(trans) and AH(trans) is the corresponding heat of transformation. Tad can be determined from
equation (6) or graphically as indicated in Figure 1.

Experimental Reaction Systems

Several model composite systems have been investigated in which an excess amount of AI is used both as a reductant
in the reaction and as the metal component of the ceramic-metal composite. _6

ie. 3TiO2 + 3C + (4 +x)Al = 3TiC + 2A1203 + xAI (1)
where x was varied between O to 9.2

3TiO_ + 38203 + (10 + x)AI = 3TiB 2 + 5AI=O3 + xAl
where x was varied between O to 17.3

(2)

3Zr% + 3820 _ + (10 + x)AI = 3ZrB= + 5A1=O3 + xAI
where x was varied between O and 13.4

(3)

2B203 + C + (4 + x)AI = 8,C + 2A1=O3 + xAI
where x was varied between O and 3.5

(4)

The excess amount of liquid AI, created by the combustion synthesis reaction, is allowed to simultaneously infiltrate

the pores produced in the ceramic composite thereby taking advantage of this major limitation in the SHS process, and
hence improve the relative density of the composite produced. Incorporating a ductile metal into a brittle ceramic
composite matrix has considerable potential for substantial improvements in fracture toughness. A variation of reaction
(1) is given in reaction (5) in which the excess AI is used to reduce TiO= and generate an excess amount of Ti. e
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(3 + x)TiO2 + 3C + (4 + 4/3x)AI = 3TiC + (2 + 2/3x)Al=Os + xTi (s)

The enthalpy-temperature plots for these five reaction systems have been examined and that for reaction (1) is given
in Figure 1 in which Xr and Xp refer to the respective reactant and product H-T plots associated with the corresponding
excess amount of aluminum used in the reaction. The corresponding melting and boiling points of reactants and
produc;ts are indicated in Figure 1 and Table I.

Experimental Procedure

The reactant powders (Table 1) were thoroughly mixed using porcelain ball milling for a minimum of six hours, and

pressed to various green densities with varying values of x, into cylindrical compacts of 0.5 inches (12.7mm) in diameter
and 1 inch (25.4mm) in length. These pellets were dried for 1 hour at 110°C in an oven and were subsequently ignited
in the propagating mode using a heated tungsten wire in an argon atmosphere as described in an earlier publication?
The ignition temperatures, Tig, were determined using a Pt-Pt/10%Rh thermocoupie and the combustion temperatures,
Tc, were determined using an Ircon Mirage Two Wavelength Infrared Pyrometer. A video camera was used to record
the propagation of the combustion front. In this way, it was possible to assess the stability of the combustion wave and
also its rate of propagation. The ceramic-metal composites produced were examined using optical and scanning
electron microscopy (SEM) interfaced with an energy dispersive spectroscopy (EDS) facility and also by x-ray diffraction
(XRD). The density of the products was determined using an immersion in water technique.

Results and Discussion

A maximum of 75% theoretical density could be achieved in the composites produced in reactions (1), (2) and (3) while
an expanded or foamed ceramic-metal composite was produced in reaction (4). Reaction (3) also produced a large

volume of AI_O3 whiskers while reaction (2) produced a small amount of AI203 whiskers present in the pores of the
composite. SHS reaction stability diagrams were constructed for each of the reactions (1)-(5) as shown in Figure 2-5.
A stable combustion front was observed for each level of excess AI used in reaction (4), i.e. x = 0, 1, 2 and 3.

Increasing excess AI and green density eventually resulted in decreased stability of the combustion front and possible
quenching out. This is almost certainly the result of increased heat losses from the SHS reaction on account of
increased thermal conductivity (increased green density) and latent heat of fusion (increased excess AI). There Is a
slight increase in thermal conductivity of the green pellet on increasing the excess amount of A] or Ti and increasing
the green density? -eThis increased thermal conductivity could have two opposing effects: (i) the heat from the reaction
front is more efficiently transferred to the reactants ahead of the reaction front and (ii) the heat lost from the reactants
ahead of the reaction front is increased. Even though the velocity of the reaction front is considered to be high
[typically 0.2cm s" for reaction (1),2 and (5)_ and 2cm s' for reaction (2)? 7cm s" for reaction (3)' and 5cm s" for
reaction (4)]? it is more likely that (ii) will prevail in the small reactant pellet systems used. In each reaction system
studied, except reaction (4), the aluminum becomes liquid (melting point 660 °C) before the ignition temperature is
reached, is. Tig for reaction (1) >900°C? for reaction (2) >850°C, ' for reaction (3) >900°C? for reaction (4)
>600°C. _ for reaction (5) of >950°C The typical values of Tc achieved in each system were 1600-2000°C for
reaction (1),2 1550-2300°C for reaction (2)? 2000-2400°C for reaction (3)/ 1850-2050 °C for reaction (4),s and 2000-
2300 ° for reaction (5)?

Reaction systems (1), (2) and (5) produced considerable increases in product density with increased excess AI as
expected, eg. from 45% (x = 0) to 75% (x = 9) relative densities. However, unlike reaction (1), the maximum density
in the ceramic-metal product for reactions (2) and (3) were obtained at low to intermediate green densities, while
reaction (4) expanded 400% in length producing a maximum density of 35%. This is most likely clue to the high
volatility of B203 used in these reactions. The calculated vapor pressures of the reactant and product species in
reactions (1) to (5) (presented in Figure 3) indicate that the combustion temperatures produced in reaction (3) resulted
in considerable volumes of both B203 and AI gases which resulted in AI203 whisker formation from a vapor-liquid-solid
mode of synthesis (Figure 4). AI203 whiskers were also produced in pores in the TiB2-AI=O3-AIcomposite produced
by reaction (2). However, these whiskers were far less numerous than those produced by reaction (3). Since the Tc
achieved in reaction (2) produces a high vapor pressure (eg. > 1 at) of B203 vapor and only a moderate vapor pressure
of AI gas (ie. from 10_ to 10" at). Both these reaction systems (2) and (3) resulted in improved product densities with

excess AI provided that lower green densities were maintained, i.e., using a compaction pressure of 1.6 x 107 kg/m 2
or below. The lower Tc value in reaction (4) would result in a low vapor pressure of AI is. typically 10_ to 102 at., but

the large vapor pressure of B203 produced by this Tc (is. > 1 at) and the larger reaction mass of B203 in reaction (4)
compared with those in reactions (2) and (3) has resulted in a large volume of B20 _at 1 atmosphere pressure or higher.
This high pressure, high volume B203 gas is able to push or expand the reactant materials ahead of the combustion
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front in the vertical direction, thereby producing an expanded or foamed ceramic-metal composite which exhibited
>65% uniform porosity (Figure 5) and an expansion of up to 400%. The more readily predicted behavior of product
densities in reactions (1) and (5), ie. increased product densities with increased green density and excess AI, is readily

explained in the absence of any major volatile species. However, reaction (5) was able to produce a semi stable
combustion front up to at least a value of x = 50 due to the fact that the exothermicity of reaction (5) increases with
xTi. The effect of density-driven fluid flow of liquid AI was also evident in these products (Figure 6).

Conclusions

Although reaction systems (1) to (5) use the same concept of synthesizing ceramic-metal composites, the different
physical properties of the reactants and products, eg melting and boiling points, thermal conductivity, and combustion
temperatures achieved in each system result in different product formations, morphologies, microstructures and relative
densities. The presence and extent of liquid and gaseous species appear to have a significant influence over these
product microstructures and densities. Incorporating an excess amount of metal within the combustion synthesis
reaction in which no significant gaseous phases are generated increased the composite relative density from 45% to
75% without the application of pressure. The prospect of synthesizing reinforcing whiskers in-situ from gaseous
species generated within the combustion synthesis reaction to produce a ceramic-metal composite without the problem
of handling these hazardous materials i_ extremely attractive. The concept of producing stability diagrams has been

introduced for these ceramic-metal combustion synthesis reactions that indicate how the process parameters can
produce stable propagating reaction fronts. Also the effect of green density and excess AI on the composite product
density is dependent on the character and extent of the liquid and gaseous species present at the reaction front. The
concept of producing expanded or foamed ceramic and ceramic-metal composites by utilizing a high volume of a
volatile specie at the reaction front has been introduced. These materials could find considerable applications varying

from catalyst support systems to filters to ultra light weight structural materials. The effect of gravity on density driven
fluid flow and vapor transport is likely to be significant in producing tough, dense ceramic-metal composites with
uniform microstructures and properties.
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Table I. Physical Properties of Reactants and Products in Reactions (1)-(5)

Material TiO 2 C

Mpt°C 1830

Bpt" C 3000

SG* 4.26 2.25

Size -44 -44

(lJm)

*_pec=t_c L_rawty

AI TiC AI20 B20 _ TiB 2 ZrO2 ZrB2 B,C Ti

660 3140 2050 450 2900 2715 3000 2450 1660

2467 4820 2980 1860 5000 3500 3287

2.70 4.93 3.97 2.46 4.50 5.60 6.09 2.52 4.54

-44 -75 -44
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Figure 8 (a) Expanded or foamed ceramic and ceramic-metal composites produced by reaction (4)

comparison of reacter (left) with unreacted (right) green pellet; (b) scanning electron photomicrograph of (a)
for x = 0

Figure 9 Optical photomicrograph of TiC-AI_O_-9AI composite, indicating gravity-driven fluid flow of the liquid
AI to the bottom half of the coposite
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COMMENTS

Question (Prof. Bernard J. Matkowsky, Northwestern University): You referred to experiments in the former

Soviet Union, in which the sample produced by S.H.S. is significantly expanded (i.e., its porosity is

significantly increased). I presume you are referring to the experiments of A. Shteinbcrg. First, in his

experiments the increase in porosity was due to gas being liberated, rather than consumed, in the reaction.

Was this true in your experiments as well? Second, he observed that the degree of increase in porosity was

differcnt if the sample was arranged (1) horizontally or (2) vertically in normal gravity, and (3) in

microgravity. I understand that you have not yet done the experiments in microgravity, but did you observe

similar diffcrenccs between horizontal and vertical arrangements in normal gravity.

Finally, you described the propagation of the combustion wave as being either (1) stable, by which you mean

that it propagated with a planar front with a constant velocity, or (2) unstable, by which you mean that

propagation ccascd. However, in addition to the stable mode of propagation, there have been observations

of pulsating propagation, in which a planar front propagates with an oscillatory velocity, and spinning

propagation, in which a hot spot (or spots) moves in a helical fashion. Did you observe eithcr of these

modes of propagation?

Answer: The increase in porosity was due to gaseous species both liberated and consumed. For example, in

combustion synthesis reactions involving B203, which has a boiling point slightly in excess of 1800 degrees C,
the combustion temperature was well above this point, and, therefore, gcneratcd B_,(I3 gas of 1 atmosphere

pressure. At the same time, the 13203gas was also consumed in the reaction to produce compounds such as

TiB, with TiBO 2 reactant or B:C with graphite as the reactant. In certain combustion synthesis reactions
that wc studied, the combustio_ temperature was sufficient to produce a significant volatility (i.e., partial

pressure of aluminum gas). In this respect, the aluminum gas and the B2() 3 gas reacted to produce AI20 3
whiskers. In our expcrimcnts, the very large levels of porosity ( e.g., grcalcr lhan or equal to 75%) were

produccd when there was only one major gaseous species produced (i.e., B20 3 gas).

Ycs, I was referring to Professor Alex Shteinbcrg's work in Russia. Most of our cxpcrimcnts were conducted

in which the pellet was ignited at the bottom of the cylindrical pellet and the major expansion occurred in

the vertical direction against gravity.

\Vc defined a stable combustion front as one which propagated a steady rz_lc down through the pellet,

wherein an unstable conabustion front was (me which eventually quenched out. Our definition of a scmi-

stzd_lc combustion front was one that slowed dawn, ahnost extinguished, and then picked up speed again,

probably going through two or three of thcse cycles. In one or two occasions wc did observe a spinning
modc of propagation, which wc defined as semi-stable front.
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FIRE SAFETY PRACTICES IN THE SHUTTLE AND THE SPACE

STATION FREEDOM

Robert Friedman
NASA Lewis Research Center

Cleveland, Ohio 44135

N93-20204

ABSTRACT

The Shuttle reinforces its policy of fre-preventive measures with onboard smoke detectors and
Ha]on 1301 fire extinguishers. The forthcoming Space Station Freedom will have expanded fire pro-
tection with photoelectric smoke detectors, radiation flame detectors, and both fixed and portable car-
bon dioxide fire extinguishers. Many design and operational issues remain to be resolved for Freedom.
In particular, the fire-suppression designs must consider the problems of gas leakage in toxic concen-
trations, alternative systems for singie-failure redundancy, and commonality with the corresponding
systems of the Freedom international partners. While physical and engineering requirements remain
the primary driving forces for spacecrai_ fire-safety technology, there are, nevertheless, needs and
opportunities for the application of microgravity combustion knowledge to improve and optimize the
fire-protective systems.

INTRODUCTION

Fire safety in spacecrat_ has been cited as one practical motivation for advancing microgravity
combustion research (ref. 1). Current spacecra£t fire protection, however, is based largely on esta-
blished fire-safety practices used in enclosed compartments, such as aircraft (ref. 2). The application
of fundamental, quantitative information from microgravity combustion research could promote greater
efficiency in the design and operation of protective systems, lessen restrictions on the use of materials
and operations in space-based hardware, and reduce excessive safety factors and false alarms. Cer-
tainly, the advent of the complex, permanently orbiting Space Station Freedom offers an opportunity
for novel and improved spacecrai_ fire-safety techniques derived from a thorough understanding of fire

behavior in low gravity (ref. 3).

This paper is thus a review to acquaint the microgravity combustion research community with
current and proposed fire-safety practices and critical issues for U.S. human-crew spacecraft and to

suggest relevant fields where microgravity combustion research may promote spacecraR fire safety.

HAZARD ANALYSES FOR SPACECRA_

Genera] Strategies

The major emphasis in spacecrai_ fire safety is on fire prevention through control, ffnot elimina-
tion, of one of the three elements necessary for fire, L e., fuel, ignition, and oxygen (ref. 4). For the
first element, the control is based on a policy of qualifying acceptable materials for spacecrat_ use
through tests of the resistance to upward (in normal-gravity) flame spread following exposure to
promoted ignition. Of course, many necessary spacecrai_ items fail this test (including articles made
from paper and fabrics). LTsagn of these materials is permitted in limited quantities under prescribed
conditions of fire-safe storage. For the second element, control of ignition is through standard prac-
tices of electrical grounding, circuit breakers, pressure containment, and the like. There is no control
of the third element, oxygen. The Shuttle atmosphere is sea-level air, which is enriched to 30% oxygen
at a reduced total pressure of 72 kPa for prebreathing prior to an extravehicular activity. The use of

fire-resistant, reduced-oxygen atmospheres for human support in submaMnes and other enclosed
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habitats has been investigated (ref. 5). For the Shuttle and the initial phases of the Space Station
Freedom, however, design and operational considerations eliminate the consideration of other than
conventional atmospheres (ref. 4).

Fire Scenarios

Absolute fire prevention is impo§sib]e and perhaps not even desirable if possible. Spacecraft fire
safety must address the tradeoff of minimum risk against operational practicality, where a minimum,
residual risk level can be defined as the consequences of a worst-case fire that causing possible com-
ponent damage that can suspend some operations temporarily but no human injuries (ref. 6). For the
Shuttle, plausible fire-initiating scenarios are electrical breakdowns (shorts, Overloads, and arc track-
ing) or electromechanical overheating (motors, rotating equipment, heaters). For Freedom, potential
fire-causing scenarios are more numerous. W. Fuller and M. Halverson (cited in ref. 7) conducted a
qualitative risk assessment for the station with initiating fire scenarios covering electrical shorts,

faults in electrolysis units, oxygen leaks, chemical reactions, faulty experiments, or improper crew or
ground actions. _

A complete strategy of fire prot_on in spacecrai_ thus proceeds from the assumption that fires
or their precursors will have a finite probability of occurrence. On]board fire safety in current and
proposed spacecraft must then concentrate on fire detection, suppression, and post-fire restoration.
The description and evaluation of these fire-responsive techniques are the primary scope of this review.

BRIEF HISTORY OF U.S. SPACECRA_Pr FIRE SAFETY

The atmosphere in the earlyspacecraft;,Mercury, Gemini, and Apollo,was 100% oxygen, an

atmosphere inwhich no common organicmaterialcan trulyresistfirespread.Thisfailingwas empha-

sizedby the disastrousApollo204 firein 1967,occurringduring ground testingat sea-leveltotal
pressure. The investigationoftheApollofireled tothe development ofnew plasticmaterials,the

adaptationofthe presentflammability-assessmentmethods, and the use ofa dilutedoxygen atmos-

phere forground operations.

The development of fire-responsive techniques in spacecrai_ has been slower than that of fire-

prevention measures (ref. 2). In the simple configurations of Mercury, Gemini, and Apollo, the crew
members could observe the complete interior of the pressurized modules. Hence, the senses of the

human crew were adequate to detect the initiation of a fire. The water gun for food reconstitution was
designated for use as an emergency fire extinguisher. The Apollo spacecrat_ system added dedicated
foam-agent fire extinguishers. It was not until the introduction of the first U.S. space station, Skylab

in 1973 to 1974, however, that instrumented fire detection was incorporated in a spacecrai_. The
Skylab system used 30 line-of-sight ultraviolet flame detectors, placed throughout the station.

The Skylab space stationalsoprovided the environment for a pioneeringtestof low-gravity

flammability,untilrecentlytheonlyquantitativestudyoffirebehaviorunder low gravity.The Skylab

study was an observationofthe time-dependentflame frontinthe combustionofpracticalmaterials,

includingaluminizedMylar,Nylon,neoprene-coatedNylon,polyurethanefoam,and paper.The mater-

ialswere ignitedinthe Skylabatmosphere of65% oxygen innitrogenat36 kPa totalpressure.The

flame-spreadratewas calculatedfrom comparisonsofthe flame-frontpositionon successivemotion-

pictureframes. Kimzey (ref.9 and Appendix C ofref.10)discussedthe Skylablow-gravityand cor-

responding normal-gravityresultsand made the followingkey observations:

• Flame-spread rates are always lower in microgravity, with comparative rates ranging from.15
to .60thoseinnormal gravity.

• The visibilityofa flame issignificantlyreduced in microgravity.
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• Extinguishment by vacuum is effective, and the flame is extinguished when the available oxygen

decreases sufficiently. A significant side effect is the flame intensification that develops during
the initial phase of venting.

• Extinguishment by water is possible provided the application is controlled and adequate. If
insufficient water strikes a burning material, it always causes a flareup that can scatter burning
material.

The Skylab conclusionsestablishedthe safetyfactorunderlyingthe use of NASA normal-gravity

flammabilitytestassessments. That is,the material-acceptancecriterionassumes that any item

passingan upward-spreadingnormal-gravitytestwould be no more "flammable"inlow gravity.

Recently,Pogue, one ofthe Skylabcrew members, summarized his conclusionsbased on first-

hand observationsoftheflammabilitystudy(ref.11).Pogue alsonotedthatflame-spreadratesalways

are lower in low gravitythan under correspondingnormal gravity.However, he warned of some

qualificationsto be consideredininterpretingthe low-gravityflame-spreaddata forfire-prevention,

detection,and extinguishmentapplications:

• Porous materialsmay captureoxygen withinitems toenhance microgravityflammability.

• Localagitationordisplacementofairmay occurfrom the thermomechanicalresponseofburning
materials.

• Local airflowmay be inducedby the usual cabinventilationand aircirculationsystems.

• Local airflowmay be inducedby fireextinguishing.

FIRE PROTECTION FOR THE SHUTTLE

The earlyU.S. human-crew spacecrai_were designedtomeet specificmissionobjectives.The

Shuttle,on the otherhand, isa component of a complete Space TransportationSystem (STS). As

originallyconceived,the STS was tobecome the solesystemforlaunching,maintaining,and retrieving

orbitingsatellitesand space probes. For practicaland economic reasons,the inclusionofallspace

activitiesintothe human-crew STS has not occurred. Currently,world-widelaunch operationsuse

non-crewed expendablelaunch vehicles(ELV),and the U.S.retainsa mix ofthe STS and ELV space

transportation.

FireDetectionand SuppressionSubsystem

The Shuttlenormally has a pressurizedatmosphere onlyin the frontcabin,and the fuselage

payload bay isexposed tothe vacuum ofspace. For the increasingnumber ofShuttlemissionsdedi-

catedtomicrogravityresearch,suchasUSML-1, the"payload"isthe laboratoryconnectedtothe cabin

by an airlockand tunnel.The pressurizedlaboratorysharesitslife-supportsystemwith the Shuttle
cabin.

Fire protection for the Shuttle cabin and any pressurized laboratory is provided through a Fire
Detection and Suppression Subsystem, which is a component of the Shuttle Environmental Control

and Life Support System (ECLSS). The Shuttle cabin and its pressurized laboratories use ionization-
type smoke detectors. Two units are located in each of three electronics bays for redundancy (a single-
fault tolerant system). The smoke detectors are identical in principle to ionization detectors in com-
mon use in buildings and aircrat_, although they have particular adaptations for spacecrat_ use
(ref. 12). An integral fan creates a flow across entrance port to the ionization chamber to bypass

larger, high-momentum particles, assumed to be dust, not smoke. The fan flow also insures adequate

sampling in the absence of natural convection. Unfortunately, the bypass system may reject larger
smoke agglomerates, possibly characteristic of a microgravity fire, reducing the detector sensitivity.
The set points, determined by normal-gravity smoke-chamber calibrations, are established at very sen-
sitive levels, however, well below those associated with visible smoke.
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Fig. i shows the flight deck fire-protection panel, which has indicators for smoke-detector alarm
status and actuators for the fixed fire extingttishers installed in the Shuttle cabin and in its payload-
bay laboratory. These extinguishers, as well as additional portable extinguishers, are charged with
Halon 1301 (bromotrifluoromethane). The manufacture and commercial use of Halon 1301, which is

recognized as having a potential to deplete ozone in the stratosphere, is to be eliminated by inter-
national protocol in the next decade. There are no immediate plans for replacement of the Halon 1301

agent on the Shuttle. While Halon 1301 is a very effective agent for many fires, it can generate halo-
gen acid gases, which are toxic and corrosive. Shuttle mission rules call for an immediate termination
of the mission and return to Earth following discharge of a fire extinguisher.

Shuttle Mission Experience

Several minor incidents with fire-causing potential have occurred on Shuttle missions (ref. 13).
On two reported occasions, the crew detected a smoke odor, and subsequent examination showed
overheated components. In the first incident, on STS-6, April 1983, an odor was caused by the fusing
of overheated wires near a space-processing unit. No degradation products were found in an atmos-
pheric sampling;, presumably, the carbon filter in the Shuttle ECLSS was effective in removing the
trace compounds contributing to the odor. In the second incident, on STS-35, December 1990, the crew
reported a smoke odor and a one-ampere current surge, before the failure of an overheated resistor
in an elapsed-time circuit of a digital display unit shut offpower to the unit. No atmospheric changes
were otherwise noted. Recently, the STS-50 crew (July 1992) reported an odor and the failure of a
medical apparatus, which was later traced to a blown electrical capacitor.

An incident of potentially greater consequence occurred on STS-28, August 1989, when a cable
strain and insulation failure caused an electrical short circuit at a teleprinter unit. The crew observed
sparks and 4 or 5 glowing embers during a period of about one to two seconds at the vicinity of the
cable. One of the smoke detectors showed an increased particle-concentration level of 158 _lg/m s for
about 60 sec, with a momentary peak at 180 _g/m 3, levels well below the alarm set point of 2000
l_m s. Based oh the o_served mass of pyroiyzed material released from the b_ed wire insulation,
calculations showed that the air-borne particle concentration could have exceeded the set-point concen-
tration(C._on and B. Harkness, Rockwell International, internal letter, October 1990). Several

reasons for the low observed smoke-concentration level reading were suggested:

• Some pyrolyzed mass was in particles larger than 50 _m (as observed by the crew) that bypassed
the detector chamber.

• Some mass was in particles adsorbed on surfaces.

• Some mass was produced as gases rather than as aerosols.

The Shuttle mission experience confirms that breakdowns threatening incipient fires have finite
probabilities. At the same time, the fire-protective systems and the alertness of the crew have been

shown to be effective in recognizing and responding to these minor incidents.

FIRE PROTECTION FOR THE SPACE STATION FREEDOM

The proposed Space Station Freedom will not be the first permanently inhabited satellite system
of this kind. Freedom, however, represents the first completely original approach to this space com-
munity, rather than a derivative assemblage with adapted components from earlier missions. Freedom
will provide greatly expanded accommodations for life science studies, microgravity science and tech-

nology, earth observations, space probe launching, and satellite servicing. Obviously, potential h_d
situations and consequent fire-protection demands will increase considerably over the proposed 30

years of continuous operations, compared to those for the short-duration missions of the Shuttle.
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PreliminaryAssemblyandAtmospheres

Eventually,the SpaceStationFreedom assembly will evolve into a complex truss, module, and
attachment assembly, the configuration usually publicized. The immediate concern of fire safety,
however, is in the protection of the Man-Tended Configuration (MTC). The MTC is the minimum
assembly of components necessary to sustain human activities within the station, a state anticipated
to be completed in about six Shuttle-tended assembly operations, perhaps a year or so after the date
of the first element launch (fig. 2). The working volume of the MTC consists of three pressurized
modules: a laboratory, resource node, and docking adapter (ref. 14). The module atmosphere will have

a composition of 30% oxygen in nitrogen at a total pressure of 72 kPa to permit ready egress for space-
suited extravehicular activities, without the need for prebreathing to avoid decompression sickness
(ref. 15). Clearly, this enriched-oxygen atmosphere increases the potential fire hazard over that of
standard air. Freedom will be occupied by the crew only during the Shuttle-tended periods from the
MTC until the final configuration of the Permanently Manned Capability. The pressurized atmosphere
will be retained in the modules during the untended periods between assembly phases.

Fire-Protection Principles

The designs for the Space Station Freedom fire protection follow the principles established for
the Shuttle. Again, flammability testing will screen out many materials and components from use.
The Fire Detection and Suppression subsystem (FDS) is a component of the Environmental Control

and Life Support System (ECLSS). The key requirements for fire detection and suppression (H. Kolns-
berg, Boeing, unpublished presentation, Nov. 1991) are summarized as

• independent FDS in each module or element,
• fire protection of untended locations without need for monitoring by onboard or ground personnel,
• data management system to provide a remote signal indicating a fire and fire location,
• automatic and manual means of fire suppression,
• nontoxic extinguishing agents compatible with the ECLSS, and

• single-failure-tolerant designs for the FDS.

These common-sense requirements have proven to be very difficult to meet, however, because of the
severe limitations on mass, volume, and power in the station. The ability of current designs in achiev-
ing the desired goal of efficient FDS operation in the confined quarters of Freedom remains to be
demonstrated.

Freedom Fire-Detection Designs

The interior of the cylindrical Space Station Freedom modules has a central core surrounded by
banks of racks along the walls, ceiling, and floor for installation of equipment for experiments, flight

monitoring, life support, and housekeeping (fig. 3). The basic configuration of a standard rack, con-
structed of graphite-epoxy composite materials, is illustrated in fig. 4. Powered racks, those with
utilities and electricity, are to be protected with a smoke detecter in the internal ventilating-air return
collector and a solenoid-activated signal-flag alarm indicator. In the proposed Freedom smoke-detector,
shown in concept in fig. 5, smoke particles in the air stream attenuate and scatter a laser beam.
Radiation sensors in the detector provide an analog signal proportional to the smoke-particle concen-
tration. Prototype smoke detectors are now being evaluated in normal-gravity tests for smoke res-

ponse, mechanical characteristics, and electrical performance.

The single-point-failuretolerancespecificationstatedinthe precedingsectionimpliestheredun-

dancy that,upon the failureofa primary system,protectionwillbe retainedthrough an equallyreli-

ablesecondarysystem. InitialFreedom designsofferedredundancy by duplicatephotoelectricsmoke
and thermal detectorsin each powered rackand additionalsmoke detectorsin the common module

air-supplyducting. Design simplifications,however, eliminatedthe ther_laidetectors(which are
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probably ineffective for early warning, anyhow) to save mass and eliminated the common ducting in
favor of individual fans for distributed ventilation systems in each powered rack. New approaches to
guarantee single-failure tolerance in the current ECLSS designs are still under consideration.

Fire detection in the central module core, in contrast to that in the powered racks, is provided
by flame detectors, sensing radiation from overheating components or incipient flames. The proposed
Space Station Freedom flame detectors incorporate three sensors in each unit, tuned to ultraviolet,

visible, and infrared wavelength bands. Built-in test equipment in the form of internal light sources
offer periodic operational checks. While this detector concept has the advantage of multiple-response
logic from three signals to distinguish a potential fire from stray radiation, appropriate alarm set

points are not yet established. These definitions require information on microgravity flame tempera-
tures, spectral qualities, and their time variations.

Fig. 6 is a sketch of the end cone of the laboratory module, identifying several of the many com-
ponents mounted on, or passing through, the end cone. The proposed flame detector is shown,
installed for a line of sight into the central model core. Since a corresponding detector will be mounted
on the opposite end cone, the two detectors, observing in effect the same volume, satisfy the single-
failure-tolerant design requirement.

While the smoke and flame detectors discussed are the fire-detection systems currently specified
for the Freedom MTC configuration, alternative concepts are under study. An obvious method of

promise is the use of atmospheric gas sampling, already considered for ECLSS quality monitoring
(ref. 16). The most sensitive indication of pyrolysis and combustion of almost all organic materials is
carbon monoxide evolution, although effective sampling systems must be devised for improved res-
ponse times if gas-sampling applications to fire detection are considered (ref. 13).

Freedom Fire-Suppression Designs

For the Space Station Freedom, the designated fire-suppression agent is carbon dioxide, which
offers environmental and logistic advantages over the current Shuttle agent, Halon 1301. The selec-
tion of carbon dioxide is justified by the results of several system trade-off studies (summarized in
ref. 8) and normal-gravity evaluations (ref. 17). The removal of excess carbon dioxide, at least in
modest quantities, is within the capabilities of the Space Station Freedom ECLSS.

The Freedom fire-suppression designs must meet specified requirements (M. Gard, NASA Mar-
shall, unpublished presentation, March 1992). Foremost among these are

• confirmation of a fire prior to automatic suppressant release,
• allowable C02 leakage to the general module to be no greater than a maximum concentration,

to be specified,

• CO2 supply in any module sufficient for at least two releases into the largest enclosed volume
(powered rack),

• two portable fire extinguishers located in separate areas in each module,
• each portable fire extinguisher capable of extinguishing a fire in the largest enclosed volume, and
• inadvertent CO s release prevented by two-failure tolerant designs.

The pr0-Posed fire-suppression system, which is a derivative of the current Shuttle technology,

consists of a combination of fixed and portable extinguishers. In brief, the logic, shown in a simplified
representation in fig. 7, offers choices of no action, manual suppression, or automatic suppression in
response to an apparent fire alarm. The automatic system is a centralized delivery system with
remotely operated release valves at each powered rack. A conceptual sketch of the proposed system
is shown in fig. 8. The portable fire extinguishers will be accessible at each end-cone location, as
shown in fig. 6.

L
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The Freedom fire-suppression system is sized to deliver suppressant to achieve a 50%-voi. concen-
tration in the largest powered rack (with excess pressure venting as necessary) within one minute of
agent release. The designers prefer to avoid two-phase flow in the delivery system; hence, the system
is limited in capacity, because the carbon dioxide storage must be at less than the saturation pressure
at ambient temperatures, i.e., as a superheated gas (ref. 18).

Freedom Fire-Suppression Problems

It is evident that there are serious problems to be resolved in the design and operation of the

Freedom fire-suppression system. The most important issues are

• non-conformity to the general requirements for the FDS,
• lack of commonality among international program partners, and
• prescribed agent that is unacceptable for use in the Hyperbaric Air Lock.

Despitethe requirement limitingthe maximum atmosphericleakage concentrationof carbon

dioxide,the designationofthisagent as meetingthe "nontoxic"requirement may be questioned.In

addition,the redundancy forthe single-failure-tolerancehas not been achieved.Originaldesignpro-

posalscalledforbackup suppressionby ventingthe atmosphere tothe vacuum ofspace.At present,

the objectionstoventing are thatthe ventingflowtemporarilyenhances the burning ratein micro-

gravity(ref.9),the finaltotalpressureforguaranteedfiresuppressionisunknown, and the storesof
makeup atmospheres forreconstitutionm%er ventingare limited.

The Space Station Freedom is an international program, with Japan and the European Space

Agency (ESA) each contributing pressurized laboratory modules in the final space-station configura-
tion. The international laboratories will be assembled after the MTC, but their development is now

underway. The FDS designs for the international modules are derived independently of the corres-

ponding U.S. subsystems, but the subsystems interconnect through common data-management systems
and intermodule ventilation flows. All three international partners now agree on a carbon dioxide

system for fire suppression, with many details equivalent in principle to those established for the U.S.
modules. There are, however, some primary design and operational differences. Most of these varia-
tions do not affect safety, but one discrepancy is of concern. Because of possible system icing and

limited pressure-relief capacity, the suppressant-flow system cannot deliver the required quantity of
carbon dioxide in one minute in the ESA module. A maximum release-time specification of 30 minutes
was requested, an unreasonable delay time for fire suppression in a closed environment. A compro-

mise goal of 10-min delivery time is now under consideration, a delay that still is regarded as unsatis-
factory by safety specialists.

The HyperbaricAir Lock (HAL) isa chamber withinone ofthe modules,sizedtoaccommodate

a patientand a medical attendantfortreatmentof decompression sicknessand forother medical
activities.While the HAL isnot a component ofthe MTC assembly,itsfireprotectionisactively

under development. The HAL willhave an atmosphere of21% 02 in nitrogenat a maximum total

pressureof340 kPa. Ifcarbondioxideisreleasedtoextinguisha fireinthe HAL, the medicalspecial-

istsfearthatthe resultingpartialpressureofcarbondioxideat the proposed suppressionconcentra-

tioninthe HAL willbe highlytoxic.

A recentcommunication (S.Pool,NASA Johnson, unpublished letter,April 1992) discussed

alternativefire-preventionand suppressionapproachesforthe HAL, althoughnone oftheseareready

fordevelopment. The HAL proposalistoretainthecommon fire-detectionsystem ofthe U.S.labora-

torymodule,but toinstalla separate,dedicatedfire-suppressionsystem. The proposedfire-suppres-

sionconceptincludesnitrogenpurgingof electricaland instrument racks withinthe HAL forfirst-

orderfireprevention.Primary firesuppressionwillbe furnishedby a portablenitrogenextinguisher,

which isa method thathas no designcounterpartin conventionalfire-extinguishertechnology.In
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addition,a fixed nitrogen-suppression system will release nitrogen to dilute the HAL atmosphere after
extinguishment to prevent reignition.

CONCLUDING REMARKS

This paper discussed the features of fire protection incorporated into current and proposed U.S.
human-crew spacecraft. In general, there is a strong reliance on preventive measures along with use
of proven detection and suppression techniques. The experience with minor "near-fires" on Shuttle
missions has shown that the crew response is the major factor in alleviating danger, but designed

safety provisions offer an adequate backup.

For the future Space Station Freedom, dependence on human response wil!n0 t be sufficient, and
reliable automated fire protection is essential. The difficulties facing the Freedom environmental- and

safety-design specialists must be appreciated. The principal drivers for the designs and operations
are the stringent and sometimes conflicting (and often changing) specifications, to be met within the
severe restrictions on material and component mass, Volume, powerl _ity control, and cost. Certain
alternatives, such as those for multiple-failure-tolerant features, await new inventions well beyond the
present state-of-the-art. In addition, the fire-safety provisions must advance the goal of full utilization
of Freedom, must allow for the long-duration conduct of a varied crew, and must satisfy the individual

safety approaches of international partners tied into the common safety network.

While it would appear that microgravity combustion research plays a secondary role in spacecraft
fire-protection strategies, effective and trustworthy fire protection can benefit greatly from funda-
mental scientific knowledge. The microgravity combustion research community has much to offer
advanced spacecraft fire safety. Already spacecraft fire safety is guided by preliminary information
on microgravity ventilation effects and radiant flame (non-flickering) characteristics. Examples of
other important needs that may be addressed by microgravity combustion research are the assessment
and prediction of material flammability, the physical and radiant characteristics of fires, gaseous and
aerosol emissions from fires, the physical and chemical actions of extinguishment, and the long-dura-
tion toxic and corrosive effects of combustion and extinguishment products.
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Figure-1. - Shuttle Eire Detection_ _nd ._uppression Panel
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Figure 3.-Phantom view ofthe U.S.LaboratoryModule for_Yeed_m, showing centralcornand

rack arrangement (boeingdesign).

203 i (80 inJ _ _///I

Figure 4. - Typical rack design for the Space Station Freedom.
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Figure t. - P ire detection and suppression response logic for Freedom.
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Figure 8. - Proposed Space Station Freedom carbon dioxide suppression system.
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Introduction

Both ignition and flame spread on solid fuels are processes that not only are of considerable scientific

interest but that also have important fire safety applications. Both types of processes, ignition and flame

spread, are complicated by strong coupling between chemical reactions and transport processes, not only

in the gas phase but also in the condensed phase. In most previous studies, ignition and flame spread were

studied separately with the result that there has been little understanding of the transition from ignition
to flame spread. In fire safety applications this transition is crucial to determine whether a fire will be

limited to a localized, temporary burn or will transition into a growth mode with a potential to become

a large fire. In order to understand this transition, the transient mechanisms of ignition and subsequent

flame spread must be studied. However, there have been no definitive experimental or modeling studies,

because of the complexity of the flow motion generated by buoyancy near the heated sample surface. One

must solve the full Navier-Stokes equations over an extended region to represent accurately the highly

unstable buoyant plume and entrainment of surrounding gas from far away. In order to avoid the

complicated nature of the starting plume problem under normal gravity, previous detailed radiative ignition

models were assumed to be one-dimensional (ref.1) or were applied at a stagnation point (ref.2). Thus,

these models cannot be extended to include the transition to flame spread. The mismatch between

experimental and calculated geometries means that theories cannot be compared directly with experimental

results in normal gravity.

To overcome the above difficulty, theoretical results obtained without buoyancy can be directly compared

with experimental data measured in a microgravity environment. Thus, the objective of this study is to

develop a theoretical model for ignition and the transition to flame spread and to make predictions using

the thermal and chemical characteristics of a cellulosic material which are measured in normal gravity.

The model should take advantage of the microgravity environment as much as possible in the gas phase

instead of modifying a conventional normal-gravity approach. A thermally-thin cellulosic sheet is

considered as the sample fuel, which might ignite and exhibit significant flame spread during test times
available in NASA's drop towers or in the space shuttle, without requiring a pilot flame. This last situation

eliminates many complicating parameters such as pilot flame location, temperature, and size (ref.3).

* Guest researcher from Osaka University, Osaka Japan.
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2.Theoretical Model

2.1 Gas Phase Model

The absence of gravity (microgravity is approximated to be zero gravity) removes the buoyancy-induced

vorticity generation mechanism. The small scale of the planned experiment, together with the slow external

flow (less than 10 cm/s), simulating the ventilation flow level in a spacecraft, implies a low Reynolds

number flow domain. When surface pyrolysis is present, the thermally-induced surface blowing velocity
must be taken into account, even at low Reynolds numbers. Both these concepts can be accommodated

by assuining the velocity field to be a potential flow. The only loss is the no-slip boundary condition
which is already relaxed in the classical Oseen approximation to low Reynolds number phenomena. This

approximation is adopted and is implicit in the analysis. The conservation equations of mass, energy and

species in the gas phase under low Mach number combustion and heat transfer conditions can be written
as:

Dp + pVaT=O , p
Dt Dt

- v<k n =au,h/.

DY

,

(:)

We assume that the reaction is represented by a global one step Arrhenius reaction and its kinetic

constants are selected. Equations (1) are supplemented by an equation of state, taken in a form appropriate
for iow-Mach-number flows. Now multiply the first of Eqs. (1) by enthalpy, h, and add it to the second.

The result is:

p,.h V_7- V'(kgT) : A Hrhf + OR (2)

Equation (2) is the fundamental equation for determining the velocity field 9. Since ,7 is a vector field
it can be decomposed into the gradient of a potential ¢ and a solenoidal field ft.

V:V_+_ , V_:O (3)

Substitution of Eq. (3) into Eq. (2) yields:

_= l____(AHthf+Lla +gedt) , fr  r)dT (4)
p n

Note that the third term on the right hand side of the first equation of Eq. (4) can be eliminated by

introducing a particular solution _l" as:

*r=-p-*h- (5)

Moreover, it is convenient to introduce another particular potential _p® representing the effects of the

external wind velocity u,o. Then, introducing a remainder potential <I,, ¢ may be expressed in the
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Equations (5) and (6) relate the potential field to the temperature distributions in the gas phase. In the
calculation the sample is irradiated and auto-ignited at the center by continuous thermal radiant flux with

a Gaussian distribution. Far from the surface, ¢_,T and Yi must decay to their ambient initial values. T

and Yi decay exponentially to their ambient values. However, the potential field decays slowly away from
the heated region. Thus, putting _ or its gradient equal to zero at the computational boundary would

introduce unacceptable error into the calculation. These errors are avoided by using the analytical solution

to Eq.(6) subject to the boundary condition at the sample surface to generate accurate values for _ on the

computational boundary (ref.4). Then, Eqs.(1) are solved by a time-splitting algorithm.

2.2 Condensed Phase Model

It is assumed that the condensed phase is a thermally thin sheet of cellulosic material, and

uniform in composition through its depth. The thermal degradation of the cellulosic sheet is described by

two global thermal degradation reactions and a char oxidation reaction (ref.5). They are; (1) endothermic

global pyrolysis reaction which degrades the cellulosic sheet to gases and a char, (2) weakly exothermic

global thermal oxidative reaction which degrades the cellulose sheet to gases and a char, (3) highly

exothermic global char oxidation reaction which degrades the char to gases and ash. Here, it is assumed

that the reactivity of the char with oxygen formed from the above two reactions with oxygen is the same.

In the above global reactions combustible gases represent hydrocarbons and CO and non-combustible

gases represent CO 2 and H20. Here, it is assumed that the combustible gases formed from each reaction
above are the same. Although these reactions are crudely approximated compared to the actual, extremely

complex degradation reactions, their accuracy is comparable to the global one-step gas phase oxidation

reaction for the combustible gases, which is used for the gas phase reaction in this study.

The reaction rate of each reaction above, RRi, is approximately expressed by the following Arrhenius-type
equations:

(1) °PRRp = Ap(PsYf/PsO) exp(-Ep/RT) .
(2) RRox = Aox(PYox/PO ox)n°X(PsYc/Pso)n:'°Xexp(-Eo./RT)

_ ' no2,_har nc"har
(3) RRchar - Achar(OYox/P0,char) (OsYchar/Ps0) exp(-Echar/RT)

Values for the above kinetic parameters together with the heats of reaction, AHi, for a black cellulosic
paper have been measured; the details are given in Ref.5.

The equations for the condensed phase are given as follows.
Conservation of solid mass:

3(ps/PsO)/Ot = -(1 - Vchar.p)RR p - (1- Vchat,ox)RRox - ( 1-Vash,char)RRchar (7)

Conservation of initial cellulosic material: O(psYftPso)/3t = -RRp - RRox (8)

Conservation of char:

3(PsYdPso)/at = vd_ar,pRRp + vchar,oxRRox - RRchar (9)

Conservation of energy:
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6.a(pscsT)/at= (- AHpRRp - AH xRR x " AHch,,RRc_,r)'Ps08 +
(1-r)Clex - eo(Ts il°- To _) + kaT(r,0,t)/0z (10)

where 6 is the half-thickness of the paper. The mass flux of evolved combustible gases from the surface

is given by the following expression:

rfis = [(1-Vchar,p)RRp+(1-Vchar,ox)RRox+(1-Vash,char)RRchar]'Ps0 6 (11)

The cellulosic material used in the present study is a 0.38x10 "4 m thick sheet.

3. Results and Discussion

Four different cases are being studied: (1) heat transfer with the degradation of the paper sheet irradiated

by the external radiation at the center of the paper in an axisymmetric configuration, no gas phase

reaction; no external flow, (2) ignition and subsequent flame spread in an axisymmetric configuration; no
external flow, (3) heat transfer with a slow external flow in a three-dimensional configuration, and (4)

ignition and subsequent flame spread with a slow external flow in a three-dimensional configuration. Since

the results in the first ease were published in ref.4, they are not discussed here due to space limitations.

3.1 Quiescent axisymmetric configuration
A maximum external radiant flux of 5 W/cm 2 (continuously on during computation) at 21%, 36% and

50% oxygen concentrations was used in the calculation. The results indicate that ignition is observed for

21% and 30% oxygen concentrations but the transition to flame spread does not occur. However, in 50%
oxygen the transition is achieved as shown in Fig.1 which plots the gas phase temperature distribution at

1.0s after initiation of the external radiation. Each temperature isotherm line is a 100°K interval starting

from 350°K. There are two high temperature regions;one is behind the flame front and the other is at the

center where the external radiation continuously irradiates the sample. The results at later time show that

there are two separate flames; the primary flame propagates radially outward, while the secondaiy flame

stays at the center and becomes gradually weaker and disappears. Eventually one ring-like flame appears

to continue its spread radially outward. The distribution of velocity vectors at the same time is shown in

Figs.2. The large expansion flow motion near the flame front is clearly seen in Fig.2. The large mass
addition near the center is caused by the continuously applied external radiation. Since the sample was

nearly completely converted to char at the center, little mass is added there. The distribution of oxygen
and fuel concentration indicates that the flame near the traveling front is a premixed flame followed by

a diffusion flame behind the flame front. The energy balance at the sample surface at 1.0s is shown in

Fig.3, where Qex is the external radiant flux, ,Qrad is the re-radiation loss, Qrr is the net heat balance of

the three solid degradation reactions and Qfeoa is the convective/conductive heat transfer from the gas

phase to the sample. A high energy feedback rate of nearly 6 W/cm 2 is calculated as opposed to the nearly
1 W/cm 2 for the 21% oxygen concentration case at 1.6s after initiation o(the external radiation as shown

in Fig.4. This difference in energy feedback rate is mainly caused by differences in flame temperature

(about 1400°K for 21% vs 2000°K for 50%) and also in the location of the peak gas phase reaction rate

(closer to the sample surface in 50% oxygen concentration).

The previous experiment in a quiescent microgravity environment showed that the flame spread limit is

about 20% oxygen for a light paper towel (Kimwipes paper) (ref.6). Thus, unsuccessful transition to flame

spread in 21% and 30% oxygen predicted in this study does not agree with successful transition observed

in the experimental work. Also, the predicted flame spread rate in 50% oxygetl concentration is about 19

cm/s which is roughly five times faster than the experimentally-measured rate using the drop tower (ref.6).
In the calculation the only uncertainty is the kinetic constants for the gas phase oxidation reaction. Since
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thereareno dataavailableonthedegradationproductsof thepaper,theaccuracyof theselectedvalues

is questionable. Since there are significant differences between the experimental setup and the calculation,

for example, a two-dimensional experimental configuration vs. an axisymmetric calculation and piloted

ignition in the experiment vs. auto-ignition, no attempt is made to adjust the kinetic constants of the gas

phase reaction to match with the experimental data. These constants will be measured in the future.

3.2 Three-dimensional Calculation

Although preliminary results on ignition in the three dimensional configuration with a slow external flow

have been obtained, more time is needed to determine their accuracy and correctness. It is hoped that the

results will be presented at the meeting. Here, the results for the three dimensional heat transfer problem

are briefly discussed. In this problem either a thermally thin or thick non-reactive condensed material is
irradiated by continuously applied external radiation with a Gaussian flux distribution. Typical examples

of the distributions of velocity vectors relative to the ambient flow and temperature contours in the gas
phase for a thermally thick non-reactive material are shown in Figs. 5 at 8s after the initiation of an

external radiant flux of 4 W/cm 2 with an external velocity of 2 cm/s (from left to right). The left comer

figure in Figs. 5 represents the front view (looking in the downstream direction) distribution. The top

rectangular figure represents the side view of the distribution and the lower rectangular figure represents

the top view of the distribution. The distribution of velocity vectors represent the flow motion generated
by heat addition from the irradiated surface. This flow is smaller than the external flow of 2 cm/s. Its

center is located at a short distance upstream from the center of the external irradiation (x=0). This

indicates that the steepest temperature gradient occurs at the upstream location due to downward pushing

of the heated layer by the ambient flow. At a short distance downstream from x=0, there is a sink of flow

due to the steep temperature gradient due to heat loss from the hot gas stream to the cold surface. Since

the temperature gradient drives the flow, the flow generated by the external radiation is limited to a region

near the irradiated surface area at an early time.

4. Future plans

1. Complete development of the three-dimensional ignition and flame spread code.

2. Conduct parametric study to determine which parameters affect ignition, the trnsition, and flame spread.

3. Measure global gas phase oxidation reaction rate for the degradation products of the paper.

4. Modify the codes to include piloted-ignition.
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COMMENTS

Question (David Schillcr, U.C. lrvin¢): ! have two questions rcgarding your numerical lechniquc

(1) In your papcr, you state that you usc a time-splitting algorithnl to solve the gewerning e(lU;flh,liS. 1 have

tried using different time steps for transport and chemical kinclics in my model of Ilamc sprczld ,wer liquid

fucl pools. I have found that significant errors are introduced if the solulioll of tile chemical kinetic lind

transport conditions are dccouplcd in this manner. Will you please describe you, timc-splilling _Jigorilhnl in

more detail and also tell me what you've done (if anything) to show that your lirnc-spIitling ;llgtu ilhm is

"time step indepcndcnt" and/or gives the same results as you would get if no limC-sl)lilling w:ls L_..ctl'?

(2) It appcars ignition occurs vcry close to the solid fucl surface, ls your solulion grid intlcpcnd_ hi? flow

fine a mesh was required in the g_ls just above the fucl surface (I use deha-y,, of about 5(J micl_u_., _ll the

gas/liquid intcrfacc in nay problem. Do you incorporate a parti_dly or fully a_hlplivc grid _chenl_ Io provide

fine resolution ncar the flame leasing edge as the flame propligalcs?

Answcr: The algorithm employed in the conapulations is not timc-sl/lil in the sense suggc:,tcd in Ihc qucsli¢/n.

It is a nlcmber of a class analyzed by Wichman (1). B:lsically, f,_r a single-step rencli_n mdel M the kind

used in many combustion studics (including this one) the rcacli_,n is almost alw:tys either nluch d_v, ver than

or much faster than the local diffusion-convection halancc. Under Ihesc circumstances, il is pos,,ilqc to sllow

analytically that the species and energy equations can be advanced hv splitling the lime sh.'p in Ihc Following

way: first the species in each computational cell arc allowed Io re:wl as if the syslcm wcrc spati:,lly

homogeneous for the duration of Ihc time step. The rcsulling lel1111crzlltlrc anti species di<,lrihuli,_ns arc then

initial conditions for the diffusion-conveclion prol_lcm, which is solved iml_licill',, [_)r the S:llllf iinh. step. A

stiff ()DE solver is used for the l]rsl part of the calculation. The solver may require many inleJ J_:_l slops to

calculate the honlogeneous re)ellen. The error is first order in the time-step if the rcaclinn lime is

comparable to or grclilcr thiin the dilfusion-convcclion time iind is smaller Ihlin this ILv :i f:lclor ,,f the lime-

scale ratio when the reaction is fast. Those slaloinet)ls arc Irtlc for any scheme which is ilsel[ sl:bl_le for lile

convection-diffusion prol>lcm.

The schen'ie has been tcslcd by numerically COmltuting solulions to Ihc Ihree-dimcnsion:d Ihne-tlc i_eiltlcnl

heat tr_lnsfcr prol)lcm with ztn ()soon flow in the ss.u11cgeometry th_il hcls also hcen solved cx;iclly ;in_llylically.

The computer Iomper_ilurcs agree _viih the analvlic_il rcsl.llls to holler than li2 percent Ittr Iht" <<_'lkl used.

Tile ODE soh'cr is ;I package with ils own inlorrial error eonlrols, with a Iolerancc ihitl can hc sc_ by Ihc

tlscr. We reqtiirc convclgcnce hi Icnlpcralure It) less Ihiin (1.5 degrees Kelvin in our compul_ilit_m,. No

:.i(hil/live grid schemes is employed. The gas phase grid is one millimcler on a side anti ii lime slc'p (if 4x10 -4

seconds is enlploycd. This is ccrl_iinly sufficient to put the Ilamc in :lpl_ro×inlaicly lhe righl pl;icc. _lhhough

details of the flame structure might bc hist. llov,'cver, if fine structure in the flame lc_lding edge is w;4nled, a

cc)nsidcrably more sophisticated reaction scheme is also required. Such a sttidy in the cnnicxl c,i .i thrcc-

dirncnsional transient problem is well beyond the ctlrrmnl stzlte-of-the-arl.

ORIC, J_*_L P.4E:_ 15

OF POOR QUALITY

235



Question (Subrata Bhattacharjee, San Diego State): (1) How do you justify the flow being potential as well
as creeping?

(2) In the absence of imposed convection, could the gas phase (combustion product) radiation cause

significant flame cooling?

Answer: The velocity field that is used to evaluate the convection term in the diffusion-convcction balance at

low Reynolds numbers is a potential flow in almost all of the existing fluid flow, heat transfer, and

combustion literature. As a simple example, the "Oseen flow" of anv quantity at low Reynolds number is the

leading order approximation to the solution for that quantity everywhere for a constant property fluid. The

flow field that is used in the convection terms is a uniform flow which is trivially a potential flow. The

approximation is correct even when the quantity being convected is the fluid vorticity! Indeed, this is exactly

how the classical low Reynolds number drag, heat transfer, and combustion results are obtained. The actual

velocity ficlds are far more complex, but additional detail is not needed if only the quantities that satisfy the

Oseen equations are required. For further explanation and additional refcrences see Kushida, el. al. (2).

The major role of radiation is in cooling the condcnsed phase surface, its importance in the gas phase is

unclear, in part because the precise nalure of the gaseous combustion products is not yet well understood.
We intend to investigate this further in the future.

REFERENCES:

(I) Wichman, I.S., "On thc Use of Operator Splitting Methods for the Equations of Combustion",

Combustion and Flame, Vol. 3, pp. 240-252, (1991).

(2) Kushida, G. Baum, H.R., Kashiwagi, T.. and di Blast, C., "Heat and Mass Transfer from Thermally

Degrading Thin Cellulosic Materials in a Microgravity E,wironment", J. Heat Transfer, Vol. 114.

494-502, (1992).
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Introduction

Experimental results obtained in drop towers and in Space Shuttle based
experiments coupled with modelling efforts are beginning to provide information that
is allowing an understanding to be developed of the physics of opposed-flow flame
spread at reduced gravity where the spread rate and flow velocity are comparable and
of the role played by radiative and diffusive processes in flame spreading in
microgravity [1--6]. Here we describe one Space Shuttle based experiment on flame

spreading in a quiescent environment, the Solid Surface Combustion Experiment,

SSCE [-7], one planned microgravity experiment on flame spreading in a
radiatively---controUed, forced opposing flow environment, the Diffusive and Radiative
Transport in Fires Experiment, DARTFire [8], modelling efforts to support these
experiments, and some results obtained to date.

SSCE Avvaratus

The SSCE apparatus consists of a sealed container, approximately 0.039 m 3 in

volume, that is filled with a mixture of specified 0 2 and N 2 percent by volume at a

prescribed pressure. The test specimens are either ashless filter paper (thin fuel), 0.165

mm thick, 10 cm long, and 3 cm wide, or polymethylmethacrylate (PMMA; thick
fuel), 0.3!8 cm thick, 2 cm long, and 0.635 cm wide. One end of the sample is ignited
using an electrically-heated nichrome wire.

For the thin fuel, three 0.127 mm Pt/Pt-Rh thermocouples are positioned along
the sample centerline. The first is embedded in the sample 5 cm from the ignition end
of the sample, the second is located 2.3 mm above the sample but 2.54 cm farther from

the ignitor, and the third is located 7.0 mm above the sample directly over the first.
For the thick fuel, one one thermocouple is positioned in the gas, and two in the solid,
one at the surface and one in depth. Two orthogonal views of the experiment are
recorded using 16 mm cine--cameras operating at 24 frames/s.

SSCE Results

Four experiments for the ashless filter paper samples have been run to date, three
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at 50%O2/50%N 2 by volume at 1.5 atm (STS-41, October 1990), 1.0 atm

(STS-40/SLS-1, June 1991), 2.0 atm (STS---43, August 1991), and one at

35%O2/65%N 2 at 1.5 atm (STS-50/USML-1, July 1992). Figure 1 shows four frames

from the side-view film for 50% O 2 at 1.5 and 1.0 atm. Just after the ignitor wire is

heated, ignition from nitrocellulose on the wire results in a bright orange flash that
subsides once the flame spreads away from the ignitor wire. The flame is spreading
from left to right, and the time for each frame is the time after the first flame--4ike
image appears on the film.

As the flame spreads, the soot radiation level in the tail of the flame decreases in

both flames, and the lower pressure flame becomes entirely blue. Additionally, the
flame elongates early in the spread process as the leading edge propagates faster than
the trailing edge. Even though the soot radiation changes with time and the flame
elongates just following ignition, the leading---edge spread rate is almost fixed
immediately after the flame leaves the ignitor. The spread rates for the first three
experiments are 0.358, 0.454, and 0.547 cm/s for 1.0, 1.5, 2.0 atm, respectively, at 50%

02, and for the 35% 0 2 experiment it is 0.092 cm/s at 1.5 atm.

Thermocouple traces, as a function of location in the flame, for the surface and
gas temperatures, and the net heat flux to the solid [6] are shown in Fig. 2. The
leading edge of the flame is at x=0, which is fixed at the location of the peak net heat

flux. The surface temperature increases rapidly as the flame is approached and then
reaches a relatively steady temperature, which indicates the region of pyrolysis. The
temperature then rises, and as the tall of the flame passes the thermocouple, the
temperature quickly decreases until the residual char increases in temperature again as
fresh oxygen, which diffuses to the surface while products diffuse away, results in
surface oxidation.

Steady---St ate Modelling

Fiame::spread modelling ::is::used _o _ support =the =experimental effort. A

comprehensive, steady---state, mathematical model developed along with the

experimental program has been presented elsewhere [3,4]. The conservation equations
in the gas for mass, fuel, oxygen, x and y momentum, and energy, including finite-rate
chemistry, and the energy and mass conservation equations in the solid, including
finite---rate, endothermic pyrolysis, are solved for the steady-state spread rate and

distribution of field variables. For the thin fuel, radiation from CO 2 and H20 is

considered [4], but the radiation fed back to the surface is generally assumed to balance
that reradiated from the surface so that a direct radiative coupling between the gas
and the solid is not presently considered [5].

Some computed results are compared to experimental results for the 50% 02, 1.5

atm experiment in Fig. 3. The character of the gas-phase temperature at the leading
edge of the flame is predicted well, but the trailing edge of the flame is too far from the
surface, with little or no curvature toward the surface, to provide agreement with
experiment. Because the leading edge of the flame is responsible for establishing the
spread rate, reasonable agreement between measured and predicted spread rate is

obtained, the measured values, given above, for the 50% 0 2 experiments being 0.358,

0.454, 0.547 cm/s for 1.0, 1.5, 2.0 atm, respectively, compared to predicted values of
0.360, 0.417, 0.450 cm/s. Both the measured and predicted spread rates increase with
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pressure; without gas-phase radiation, the predicted spread rate, which is
approximately a factor of two higher than experiment (0.704 cm/s) at 1.0 atm, is
almost independent of pressure, although it declines slightly with an increase in

pressure.

For thin fuels, radiative effects are important at low opposing flow velocities,
decreases in flow velocity causing a decrease in spread rate and possible extinction [9].
As the flow velocity is increased, the effects of radiation become unimportant, with

extinction at high flow velocities occurring via blowoff. While thick fuel experiments
have not been completed yet, modelling of flame spread over thick fuels has progressed,

although the effects of radiation have been confined to surface reradiation [10]. For
these fuels, surface radiative effects are important for all flow velocities because as the
flow velocity is increased from very low values to very high values, the radiative effects
compared to the conduction effects do not decrease as they do for thin fuels.

DARTFire Exveriment

Experimental and modelling results, obtained in conjunction with the SSCE, show
that radiative effects are important in low-velocity, opposed-flow flame spreading at
reduced-gravity. Although in the SSCE the opposing flow is not controlled, because
the environment is quiescent, it is, in flame-fixed coordinates, the spread rate. In the
DARTFire experiment, which is described in a recently-developed Science

Requirements document [8], the fuel surface is subjected to various levels of an
external radiative flux, and the flame spreads into a low-velocity, forced-flow

boundary layer. Such a configuration will allow determination of those environments
that lead during flame evolution to sustained spreading or extinction and development
of a clear understanding of the interaction between the flow and radiation fields at

reduced gravity.

Unsteady Modelling

More recently, the steady---state model has been extended to include unsteady
effects [11,12] that allows flame characteristics to be computed from ignition onward.
While the spread rates measured in the SSCE are steady, which is understandable
because the flow field around the leading edge of the flame is established by the flame
itself and is relatively fixed independent of flame location, the trailing edge of the
flame exhibits some unsteady behavior. For DARTFire, the flame spread is inherently

unsteady because the flame spreads into a thinning boundary layer in which the flow

field changes with flame position.

Conclusions

Results of gas and surface temperature and spread rate measurements in flame

spread over a thin cellulosic fuel in a 50% O2/50% N 2 quiescent environment obtained

aboard recent missions of the Space Shuttle show steady spreading, and, when coupled

with steady-state modelling, the importance of radiation. Spread rate increases with
pressure through the effects of pressure on gas radiation, the optical depth of the lower
pressure flames and the attendant heat loss being greater than at higher pressure.
Computed results agree with experimental results near the leading edge of the flame,
but additional refinement of the model is needed in order to describe accurately the

trailing edge of the flame and more accurately the coupling of gas and surface radiative
processes. Development of an experiment in which the radiative and flow environment
will be carefully controlled is proceeding as well as the development of unsteady flame
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spread modds.
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3.5s 9.1s 16.5s 21.9s

4.0s 8.4s 16.3s 25.4s

Fig. 1. Four frames from 16 mm film of flame spread over ashless filter paper in

the SSCE at 50% 0 2 at 1.5 atm (top) and 1.0 atm (bottom). Times are

time from the first appearance of a flame-like image on the film.

See COlor Plate F-2
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COMMENTS

Question (Howard R. Baum, NIST): The role of gas phase radiation in these problems may indeed be

important. However, while the local emission can be roughly approximated in a 2-dimensional simulation, the

feedback to the condensed phase is inherently 3-dimensional. This is due to the limited width of the fuel

sample and the rapid decay of the temperature and combustion product species in the lateral direction.

Answer: Dr. Baum's points are well-taken, and, as he indicates, there are two separate issues to address

here. In some earlier preliminary work (1,2), we found that the Planck mean absorption coefficient as

defined here is not particularly sensitive to sample width. Values from "two-dimensional" computations,

which have a 3-D aspect to them in that lines of sight throughout a 2-pi steradian solid angle are considered

in calculating fluxes on the computational domain, do not change much as the sample width is reduced to a
range in which we are interested, as long as some physically reasonable temperature and species profiles are

used in the lateral direction when radiation loss from the sides of the flame is considered. Consequently, the

"two-dimensional" radiation model for the gas-phase emission appears to be a reasonable approximation.

In considering radiation feedback to tile surface though, which we have not done here but have ralher taken
the feedback to balance the surface reradiation, 3-D effects are inherent. While the 2-D model accounts for

reasonable overall radiative loss from the gas-phase, the fraction of gas radiation fed back to the surface

depends on the details of how the radiation loss though the sides of the flame is treated. We plan to address

this inherent 3-D effect in an approximate way in future 2-D computations.

REFERENCES:

t° Altenkirch, R.A. et al. (1991). February through March, NASA Technical Progress Report on NASA
Contract NAS3-23901.

2, Bhattacharjec, S. and Ahcnkirch, R.A. (19gl). Three-Dimensional Radiative Effecls in Opposed-

Flow Flame Spread Modcllng, Central States Section Meeting of The Combustion Institute meeting.

243
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1. Introduction

In reduced gravity, the combustion of solid fuel in low-speed flow can be studied. The flame behavior in this

low-speed regime will fdl a void in our understanding of the flow effect on combustion. In addition, it is
important for spacecraft fire safety considerations. In this work, modeling and experimental work on low-speed
forced-concurrent-flow flame spread are carried out. In addition, experiments on reduced-gravity buoyant-flow
flame spread are performed.

2. Low Speed Forced Flow

2.1 Concurrent-Flow Flame Spread Model [1]

The model considers two-dimensional, steady flame spread in concurrent flow over a thin solid. Because of its
thinness, the fuel bed can bum through. The flame could therefore reach a constant length provided that a.
constant (and equal) flame tip velocity, pyrolysis front velocity, and fuel burnout rate, can be obtained in the
low-speed concurrent flow environment.

The flame is assumed to be laminar because of its small size and low velocity. The gas-phase fluid mechanical
treatment is more comprehensive than most works in the past. In the flame base region (where the upstream
flow is seen f'trst), streamwise heat and mass diffusion is included. This, together with finite-rate, gas-phase
chemical kinetics, enables us to examine the question of flame stabilization and extinction. The elliptic treatment
of this flame stabilization zone entails the full Navier-Stokes equations. On the other hand, to save
computational time, a boundary layer approximation is employed in the downstream region. The two zones are
coupled at an appropriate gas-phase location. They are also coupled indirectly through the solid by energy
exchange. A simplified solid fuel model is used. The solid is assumed to be thermally thin and to pyrolyze
according to a one-step Arrhenius law with no char and tar formation. A solid-surface radiative-loss term is

included which becomes critically important in the low-speed flammability limit. Because of the coupling
between elliptic and parabolic regions and between the gas and solid phases, the numerical solutions require
many iterations and are computationally intensive; they are carried out using the Cray X-MP Supercomputer at
the NASA Lewis Research Center.

Although the model has been formulated for a mixed forced and buoyant flow, extensive computations have been
performed for purely forced flow only, using oxygen mole fraction and free-stream velocity as parameters. Fig.
1 gives all the points calculated and the extinction boundary. Some of the important results are summarized
below.

The extinction boundary consists of a quenching and a blowoff branch similar to those in
stagnation-point flow [2] and in opposed-flow flame spreading [3]. The quenching limit is due to the

surface radiative loss. Without radiative loss, the model predicts no low-speed limit. Fig. 2 shows the
maximum computed flame temperatures. In all cases, the maximum temperature decreases with flow
velocity, especially near the quench limit. The flame spread rate decreases monotonically with flow
velocity, as expected (Fig.3).

Flames quench at low speed by shrinking in size. Near-limit flames remain stabilized in the fuel
burnout region, as shown in Fig. 4. This fixed stabilization is in contrast to flame blowoff at higher
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speedwheretheflamecannot be stabilized in the fuel burnout region. Extinction is reached when the
flame is blown downstream. This illustrates one of the distinctions in flame extinguishment between

quenching and blowoff. This difference becomes clear in a two-dimensional analysis but is obscure in
one-dimensional stagnation-point flames. The reactivity contours shown in Fig. 4 resemble the visible
blue flame seen in experiment (take w=10 -4 g/cm3/sec for example), which will be discussed in the next
section.

Using finite-rate: kinetics enables us to examine the integrated flux of fuel vapor crossing any vertical
plane. Far downstream, the fuel-flux stops changing (because the reaction becomes frozen), providing a

measure of fuel escaping the flame. The fraction of fuel not consummed in the flame increases
dramatically at lower speeds because of the increased importance of flame-tip quenching. Additionally,
the variation of escaped fuel vapor is not monotonic with flow velocity.

2.2 Forced Concurrent Flow Flame Spread Experiments [4]

Low-speed concurrent-forced-flow experiments were conducted at Lewis Research Center's 5-second drop tower
using thin tissue paper Kimwipe) as the solid fuel. The relative flow was generated using a sample translation
device in a total of twenty-seven drop tests. In these tests, the flow velocity was varied from less than 1 cm/s to
5 cm/s and the oxygen concentration in nitrogen (at normal atmospheric pressure) from 30% down to extinction.
Color cine films were made of the flames.

While in most tests the leading edge of the fuel receded steadily as it was burnt following the ignition transient,
the downstream flame tip propagation was unsteady. Flames grew in length (after the ignition transient) at
higher oxygen concentrations and relative flow velocities, but shrunk at lower concentrations and velocities. In
higher-speed flows, in normal gravity, flame length has always been observed to grow after ignition [5]. The
shrinking flames observed in these microgravity tests could be quenching, but the slow evolution of the flame
length in the 5 second test time did not allow enough time to observe their eventual fate. Alternatively, the
small, slowly evolving flames may be indicative of near-steady configurations of flames in very-low-speed
concurrent flows. Fig. 6 (the color photos are grouped together) shows a comparison of flames at approximately
5 cm/sec relative concurrent flow at three different oxygen concentrations. The shape of the 15% oxygen
concentration case can also be compared favorably with the computed reaction contours (e.g. 10-4 g/cm3/sec)

shown in Fig. 4 for the same test condition.

The measured spread rates of the flame base, the leading edge of the fuel at which burnout occurs, are similar to
the computed values shown in Fig. 3. However, spread rates at high oxygen concentrations and high
relative-flow velocities are lower experimentally at the end of the drop while the rates at low oxygen
concentrations and low relative-flow velocities are higher experimentally. These observations are consistent with
the suggestion that the flames might not have had sufficient time to reach their f'mal configuration in the
available 5 seconds.

A flammability map, based upon the status of flames at the end of 5 seconds of microgravity, has been drawn
and is similar to Fig. 1. No detailed comparison can be made because steady flames have not been achieved

experimentally. It is clear that even for a thin fuel such as Kimwipes, which provide ample steady flamespread
data in opposed-flow configurations, longer microgravity duration is needed to satisfactorily determine flame
spread rates and extinction limits in concurrent flow.

3. Buoyant-Flow Flame Spread in Reduced-Gravity Experiments

Flame spread in buoyant flow under reduced-gravitational conditions has been observed using the NASA KC-135
aircraft flying parabolic trajectories at approximately 1/3rd, 1/6th, and 1/10th normal earth gravity levels. The test
apparatus includes provisions for controlled ignition energy, color-schlieren flame imaging and three dimensional
measurements of the local acceleration levels. Tests were conducted in O2/N2 mixtures from 18% oxygen down
to extinction (of the same thin Kimwipe tissues used in our other tests) at normal and reduced pressures for
upward (concurrent flow) flame propagation; and at normal pressure for downwaru (opposed flow) propagation.
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3.1 Downward Flame Spread and Extinction

Schlieren images of flames spreading in buoyant, opposed flow showed steady propagation in oxygen
concentrations below the normal-gravity flammability limiL At each oxygen concentration (18, 16, and 15%
oxygen) spread rates decrease with increasing acceleration, though the difference between 1/10th g and 1/6th g is
small. Tests conducted at 14% oxygen showed flame propagation at 1/10th g, and a blowoff extinction was
observed during the aircraft pullout maneuver to approximately 2g. Flames at higher acceleration levels and
14% oxygen did not appear to survive the ignition transient. Fig. 5 shows a flammability map using acceleration
level and normal-atmosphedc-p_ oxygen concentration as parameters. The solid line gives the high-g
blowoff boundary. The low-g extinction boundary, which cannot be determined accurately in the aircraft

experiment, is indicated by the shaded curve. Fig. 7 shows schlieren images of the downward spreading flames
at 15% oxygen at two reduced-gravity levels.

3.2 Upward Flame Spread

Schlieren images of flames spreading in buoyant, concurrent flows show propagation of flames down to normal-
atmospheric-pressure oxygen concentrations of 12%, in both 1/6th and 1/3rd g. A single test at 1/10th g did not

result in a propagating flame at 12% oxygen, while another at 14% did.

At normal atmospheric pressure, the upward spreading flames were characterized by thermal/flame plumes that
become unsteady downstream of the flame stabilization zone. The tissue-paper fuel tended to curl, particularly

in the normal pressure tests, disturbing the bottom of the flame. Fig. 8 a and b show two parts of an upward
propagating flame at 15% oxygen in 1/6th g as they passed by the single schlieren window. In Fig. 8a, the
unsteady/unstable plume is shown, while in Fig. 8b, the bottom of the flame is shown stabilized near the lowest
point on the fuel surface.

Tests were conducted at reduced pressure and showed the existence of low-pressure limits. In the small number
of tests conducted, the pressure limits were not determined with precision. At reduced pressure the flame plumes
were more laminar and the fuel deformed more slowly during burning. Fig. 8c shows the downstream plume of
a 15% oxygen, 0.5 atmosphere pressure flame at 1/6th g. Below, in Fig. 8d, the stabilized bottom of the same
flame is shown.

4. Future Plans

Although surface radiative loss is included in the current model and has proven to be important in low-speed
flows, gaseous radiation has been neglected. In stagnation point flow, gas radiation is found to alter the low-
speed quenching limit for one-dimensional stationary flames. In concurrent flow gaseous radiation is likely to be
more important because the flame is longer. Comparison with experiment also shows that without gas radiation
the model overpredicts the flame length. The inclusion of gaseous radiation in the model is the logical next step
and will complete our understanding of radiative effects on flame spreading over solid fuels in low speed flows.
At the same time thermally-thick solid fuel needs to be treated in the theory (presendy, we have dealt with
thermally-thin fuel only). The new elements that need to be added will include solid-phase heat transfer, fuel

geometry change and an unsteady flame growth process.

Experimentally we will also begin to test thicker fuels in low-speed flows. Because of the limitations of
microgravity time in ground-based facilities, steady state is not expected, even were burnout possible. In order
for the results to be useful, a controlled ignition process will be extended to thick fuels. The ignition transient
experiments and related modeling will lead to a rational design of a space-based experiment required to obtain

concurrent-flow flame spreading data in the very low-speed regime.

Because of the flammability limit data we have obtained for both low-speed forced flow and buoyant flow in
reduced gravity, we also hope to contribute to the reevaluation of flammmability test methods for spacecraft
materials.
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ABSTRACT

A research program is being conducted to study smoldering combustion in microgravity. The program's
final objective is to design and conduct smolder experiments in a space based laboratory, which will com-
plement normal gravity ones, and that will help to: increase the current fundamental understanding of
smoldering; predict smolder behavior in a space-based installation; and prevent and control smolder ori-

ginated, ground or space based, lires.

1. INTRODUCTION

Smoldering is defined as a non-Ilaming, surface combustion reaction, that propagates through the interior

of porous combustible materials. The propagation of the smolder reaction is a complex phenomena
involving processes related to the transport of heat and mass in a porous media, together with surface
chemical reactions. Smoldering is a weakly reacting phenomena, and generally propagates very slowly.
The products of smoldering combustion are, however, often toxic and consequently hazardous. Smolder-
ing can also play an important role in the initiation of unwanted iires because of the potential rapid transi-
tion from the slow smoldering reaction to the flaming combustion of the material. Furthermore, smolder-
ing is often difficult to detect and suppress because it may take place in the material interior and the
porosity of the material may prevent the access of the extinguishing agent to the reaction zone. Thus,
understanding of the physical and chemical mechanisms controlling smoldering is important nol only
because smoldering is a fundamental combustion process, but because such understanding can be critical
to the prevention and control of unwanted fires.

Gravity inlluences smoldering by affecting the transport controlling propagation mechanisms, the stabil-
ity of the propagation front, the structure of the porous material and the flow of particulates through the
material. Conducting smolder experiments in microgravity will simplify the study of the phenomena by
eliminating some of these effects. Furthermore, to date there is no experimental information about smold-
ering behavior in microgravity. This is important since such information and complementary theoretical
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foundationarenecessaryto assesthefireriskof aspacebasedinstallation.

Theproject'soverallobjective is the understanding and prediction of smoldering combustion under nor-
real and microgravity conditions. This is accomplished by conducting smolder experiments on the ground
and in a space based laboratory, and developing theorctical models of the process.

II. RESEARCH PROGRESS

II.l Normal Gravity Smoldering:

A series of experiments of forced flow smoldering, opposed and forward, have been conducted. In addi-
tion to providing information about smoldering, the experiments have the objective of determining the

effect of buoyancy in the smolder process. This is accomplished by comparing the experimental results
for upward and downward smoldering, and by comparing the data with the predictions of theoretical
models of the process. Measurements conducted in these experiments included the smolder propagation
velocity and the reaction zonc temperature as a function of some of the parameters that affect them. The
data are correlated with non-dimensional parameters that arc derived from a theoretical analysis of the
problem.

The experimental apparatus consists of a square cross section duct containing the fuel and through
which the oxidizer gas flows to produce a one-dimensional, forccd flow, smolder, and the supporting
instrumentation. The test section containing the porous fucl consists of a 0.3 m long vertical duct with a
0.15 m side square cross section..Metered air flows into the tcst section through a diffuser and a 50 mm

long settling section lilled with glass beads. All the tests are conducted with 150mm side cubes of open
cell, unretarded, white flexible polyurethane loam. The rate of smolder propagation is obtained from the
temperature histories of eight Chromcl-Alumcl thermocouples 0.8 mm in diameter thai. ar c embedded at
predetermined positions in the porous fucl with their junction placed in the fucl ccnterline. The smolder
velocity is calculatcd from the time lapse of tim reaction zone arriwd to two consecutive thermocouples,
and the known distance between the thermocoupies. Tlaese thermocouples are also uscd to measure the
reaction zone temperature which is characterized by a maximum in the temperature profile.

All the experiments showed that three zones with distinct smolder characteristics can be identified along

the foam sample. An initial zone near the igniter where the smolder process is influenced by heat from the
igniter, an intermediate zone ,ahere smolder is relatively frec from external effects, and a third zone near

the sample end that is strongly affected by the external environment. The smolder rcaction propagation
velocity and temperature gencrall 3 have a direct correspondence and vary in each one of these three
zones.

Opposed Smolder: Characteristics results of opposed smolder arc presented in Fig. l, which shows the
variation of the downward smolder propagation velocity through the sample length for several representa-
tive opposcd air llow velocities. Tests were also conducted at other Ilow velocities, but the results are not

presented to avoid crowding of the ligurc. The data is the average from live tests, and the error bars
describe the maximum deviations from the mean. These data plus other obtained with different foam
lengths, initial temperature and orientation arc correlated in Fig. 2 in terms of a non-dimensional smolder
velocity that is derived from a theoretical analysis of the problem previously developed under this grant.
The analysis basically balances the energy nccdcd to hcat the foam to the smolder temperature and the
energy generated by the smolder reaction, which is assumed to bc in thermodynamic equilibrium. By
assuming that all the oxygcn is consumed at the reaction zone (smolder is oxygen limited), the analysis

predicts that the smoldcr velocity is proportional to the mass flux of oxygen at the reaction zone. The
mass flux of oxidizer to the reaction zone is obtaincd in its turn from an an'Jysis of the mixed, forced and
free, [low through the porous fuel. From the correlation of Fig. 2 it is seen that the model predicts well the

measurements, except at conditions were extinction or transition to flaming occur. In these limiting condi-
tions solid or gas chemical kinetics play an important role, and the smolder velocity is no longer singly
controlled by the oxidizer mass flux. An interesting result of correlating the experimental data with the
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modelpredictionis thattheeffectof buoyancycanbeextractedby simplycomparingthepureforced
flowandmixedflowcorrelations.Suchcomparisonshowsthatbuoyancyhasaninfluenceover thehole
rangeof velocitiestcsted.

Theseresultspointout to asmolderprocessthatis controlledby thecompetitionbetweenthesupplyof
oxidizerto thereactionzoneandthelossof heatfromthereactionzone.Forexampleanalyzingthedata
in zoneII of Fig. 1,it isseenthatatverylowflowvelocities( < 0.5mm/s)thesmoldcrpropagationvelo-
city is very small, indicatingthepresenceof a weaksmolderreaction.As the air flow velocity is
increased,thesmolderreactionvelocityfirstincrease,reachesamaximum(atapproximately2.5ram/s),
andthenstartto decrease.The initial increasein thesmoldcrtemperatureandvelocityis dueto the
increasedsupplyof oxidizerto thereactionzonewhichenhancesthehcatproduction,aspredictedbythe
model.As theair velocityis increasedfurther,theheatgeneratedat thereactionandtheconvectiveheat
losseseventuallybalanceeachotherandthesmolderreactionvelocityreachesamaximum.If theair flow
rateis increasedevenfurthcrtheheatlossesovercometheheatgenerationandthc smoldertemperature
andvelocitystartto decrease.Forair flowrateslargerthan2.8ram/s,theheatlossesdominateandcause
theweakeningandfinalextinctionof thesmoldcrreaction.Theabovediscussedcontrollingmechanisms
alsoapplyto theothertwo zones,althoughtheexternalcffectsmodifysomcwhatthebalancebetween
them.

Forward Smoldering:Themeasurementsshowthat in this typeof smolder,asthe flow velocity is
increasedthesmoldervelocityincreasesbut thcreactiontemperaturedccreascs,regardlessof thesample
location.Thesetrendsarcthe rcsultof thehot post-combustiongases being convected ahead of the
smolder front. Although they preheat the virgin material downstream of the reaction favoring the propa-
gation of the smolder reaction, they also dilute the oxidizer ahead of the reaction wcakcning it and reduc-
ing its temperature. The smolder velocity data are also correlated well with the prcdictions of a theoreti-

cal model of this mode of smolder. For upward smoldering, transition to flaming was observed to occur in
the char at the zonc closer to the sample end and for air velocities of 15 mm/sec or larger. Comparison
between upward and downward smoldering also showed that the ell_zct of gravity takes place for air tlow
rates smaller than 3 mm/sec.

Transition to Flaming: Experiments are currently being conducted to study smoldering in the presence
of a gas/solid interface, and the phenomenon of the transition to flaming. The experiments are conducted
in a test facility that includes a _mall .,,talc combustion tunnel and the supporting instrumentation. The
tunnel test section is 0.61m long with a cross section 0.15m wide and 0.(17m deep, and is vertically
oriented. Pre-metcrcd compressed air flows through a settling chamber and a converging nozzle prior to
entering the test section, Foam samples with a 0.15m side square cross section and with variable lengths
:ire mounted [lush in onc of the test section walls. A llat type igniter is mounted in the upstream end of the
fuel sample. The experiments show that transition to Ilaming is very sensitive to sample size, probably

because of heat losses to the surrounding ambient. Samplcs with lengths smaller than 0.15m showed a
smolder reaction that would propagate upward at an increased velocity, and that would became hotter and
produce considerable amounts of smoke, but that evcntually would extinguish itself apparently because of
the dilution of the available oxidizer by the post-combustion gases. For samples larger than 0.15 m and at
relatively low flow vclocities (of the order of 0.3 m/s), transition to flaming is consistently observed ini-
tially in the upper part of the foam ncar the interface, after which the whole sample is rapidly involved in
flames and bums completely. A parametric study is currently being conducted to study the mechanisms
controlling the transition to Ilaming.

II.2 (;round Based Microgravity Smoldering:

A series of smolder experiments were conducted at the NASA LeRC 2.2 seconds drop tower to observe
trends in the ignition characteristics of the foam, and to attempt to infer how smoldering will behave in
microgravity. The parameter analyzed was thc time derivative of the smolder reaction temperature,

because the temperature itself, or the smolder velocity, do not change enough in 2.2 seconds to observe
significant differences. The tcmpcraturc gradients measured in thc [bam ahead of the reaction zone
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showedthatmicrogravityfavorstheinitial heatingof thevirgin fuelbythesmolderreaction,andthatthe
upperrangcof flowvelocitiesatwhichbuoyancyplaysasignificantroteon smoldering is around 3 mm/s,
in approximate agreement with the normal gravity experiments.

A series of opposed tlow, downward and upward, smoldering experiments were also conducted in a
NASA KC-135 aircraft (30 s of micro-g for up to 40 parabolas) to observe the effects of the variation of
the gravity on thesmolder process. The experimental apparatus is a small scale version of that described
in the normal gravity forced tlow experiments. Although the microgravity period was too short to study
stead',.' smoldering in micro-gravity, the tests provided initial information about the process and permitted
the observation of smolder trends as the gravity changes. The tests also complement the Drop Tower tests
summarized above. As with those tests, the variation of the smolder reaction temperature with time was

the parameter used to infer the effect of gravity, on the smolder process.

A characteristic example of the measurements made is given in Fig. 3, where the variation with time of

the temperature in the three zones of the foam identilied above (near igniter, middle, and free end) is plot-
ted together with the gravity level variation. The results show that buoyancy affects the temperature dif-
ferently according to the location of the measurement with respect to the reaction zone. In the virgin foam
ahead of the reaction zone and in the char behind of it. the temperature increases as the gravity is reduced,
but the opposite is observed around the reaction zone. This indicates that buoyancy affects both the
species transport and transfer of heat to and from the reaction zone. At the reaction zone thc former is
dominant, which results in a decrease of the smolder temperature in microgravity. Away' from the reac-
tion zone the latter is dominant and the temperature increases due to the lack of convective cooling. All
these effects are less noticeable as the Ilow velocity is increased, and as the reaction propagates toward

the sample interior conlirming that buoyancy is important at low llow velocities and near the sample
ends.

II.3 Space Based Experiment:

Work on this aspect of the program has included the design of a small scale smolder experiment that was

successfully carried out in the glovcbox in Spacclab on USML-I, during the June 25 - July 11, 1992 mis-
sion of the Space Shuttle Columbia, and the preparation of the Science Requirernent Document and Con-
ceptual Design Review for a larger scale space based cxpcrimcnt to be conducted in the mid-deck or one

of the gas-cans of the Space Shuttle in the mid-ninclics.

The glovebox experiment hardware consists of four modules each containing an instrumented fuel sam-
pie, ,aith an embedded igniter and an internal fan to induce forced convection. The test variables of the
experiment are the igniter geometry and the convective environment. Through the use of ,an axial igniter
and a plate igniter, both radial and axial smolder is investigated. For each igniter geometry, a test is con-
ducted with a quiescent environment and with a low velocity llow, for a total of four test conditions. The

modules are sealed, lexan boxes, nominally 0.15m by 0.20m, filled with air. A cylinder of open-cell
polyurethane loam. 50ram in diameter and 80mm length is positioned in the center of the box. The
igniters are resistively heated ceramic elements. The fuel sample is instrurnented with 6 thermocouples,

located at various positions to measure the smolder reaction temperature and its propagation throughout
the sample. The temperature and igniter current measurements are displayed on two digital displays and
recorded with a video camera.

Currently' we are in the process of analyzing the data from the experiment, and we expect to completed
the analysis within the next few months. However, preliminary temperature histories such as that of Fig.
4, which correspond to a test with the axial igniter and the [an on, indicate that although incipient smolder
occurred, and seemed to be more intense than in normal gravity, the smolder reaction itself was not self-
sustained and did not propagate beyond the vicinity of the igniter. A possible reason for this is that the
incipient smolder reaction chokes itself with its own products by' diluting the surrounding air. In micro-

gravity, diffusion of oxidizer toward the reaction zone seem to be too slow to counteract this dilution pro-
cess. Although we believe that for the same igniter conditions the smolder zeaction would not propagate
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in normalgravityeither,we thinkthatthiswill bedueto convectivecoolingeffectsandno to chemical
reactioneffects.

IlI. FUTURERESEARCHPROGRAM

Thefutureresearchprogrammaintainsthegeneralguidelinesestablishedduringthecurrentresearchpro-
gram.It containstwomajortasks;onethatconcentratesonthespacebasedexperiments;andtheotheron
thegroundbasedexperiments,andon thedevelopmentandverificationof theoreticalmodels.

III.1 GroundBasedSmolderingExperiments

III.l. 1 Effectof BuoyancyonForcedFlowSmoldering

Theexperimentson theeffectof buoyancyon forcedIlowsmolderingwill becontinued.A parametric
studywill bemadeof the inlluenccof parameterssuchasthefuel typeandvoid fraction,theoxidizer
oxygcnconcentration,ambicnttemperatureandpressure,onthegravitycffccts.Experimentsto studythe
effectsof oxidizertemperatureandoxygenconcentrationwill bcconductedfirst.The former will affect
the rate of hcat losses from the reaction, and the latter the rate of heat release. These arc two competing
mechanisms that dctermine the characteristics of the smolder reaction.

111.1.2 Transition Processes in Smoldering

This is a very interesting task of the research program because transition processes such as ignition,
flaming and extinction arc issues of great importance in the iirc safety licld. These processes arc also
interesting as a fundarncntal combustion problem, and ver)' little inlorrnation is currently available on
them.

The experiments will concentrate initially in the determination of the conditions leading to smolder initia-
tion (or ignitions, and to flaming. Smolder ignition is very sensitive to porous fuci type, rate of heat addi-
tion, geometry of the experiment and igniter, and temperature, among others, and there is a need to
characterize the process. There is also a need to come up with a protocol for the ignition of the foam that
is reliable so that an automatized ignition system can be designed for its use in the space experiments.
Concerning the transition to llaming, the parametric study currently being conducted will be continued to
determine the conditions leading to transition to Ilaming. As the program progresses drop tower and para-
bolic flight tests will be planned to study these process under microgravity conditions. Since the charac-
teristic time of the transition process is small (particularly flaming) it is expected that the ground base
microgravity experiments will give useful in/omlation.

Concurrent with the above experiments, the analyses already developed of forced flow opposed and for-
ward smoldering will bc extended to include linilc rate kinetics. The objective is to predict those condi-
tions were extinction of the reaction was observed experimentally. The modeling of the transition to
flaming both in one-dimensional and smoldering in an interface will also bc continued.

III.2 Space Experiments

This task will consist primarily in the interaction with the NASA LcRC engineers in the design and con-
struction of the space based experimental apparatus. Also the data from the USML-I smolder experi-
ments will be analyzed and compared with the ground data. The results will be used to finalize the design
of the large scale space experiments
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N93-20209
FLAME SPREAD ACROSS LIQUID POOLS

Howard Ross (NASA Lewis Research Center), Fletcher Miller (NASA Lewis/Case Western Reserve Unviersity),
David Schiller (University of California at Irvine), and William A. Sirignano (University of California at Irvine)

For flame spread over liquid fuel pools, the existing literature [1-9] suggests three gravitational influences:
(a) liquid phase buoyant convection,delaying ignition and assisting flame spread; (b) hydrostatic pressure
variation, due to variation in the liquidpool height caused by thermocapillary-induced convection; and (c)
gas-phase buoyant convection in the opposite direction to the liquid phase motion. No current model
accounts for all three influences. In fact, prior to this work, there was no ability to determine whether
ignition delay times and flame spread rates would be greater or lesser in low gravity.

Flame spread over liquid fuel pools is most commonly characterized by the relationship of the initial pool
temperature to the fuel's idealized flash point temperature, with four or five separate characteristic regimes
having been identified [2]. In the uniform spread regime, control has been attributed to: (a) gas-phase
conduction and radiation [2]; (b) gas-phase conduction only [10]; (c) gas-phase convection and liquid
conduction [11], and most recently (d) liquidconvection ahead of the flame [3]. Suggestions were made
that the liquid convection was owed to both buoyancy and thermocapillarity. In the pulsating regime,
complicated flow structures have been observed in both the gas and liquidphases with circulation around
several centers; these flows, were attributed to combined thermocapillary and buoyant effects [1].

Of special interest to this work isthe determination of whether, and underwhat conditions, pulsating spread
can and will occur in microgravity in the absence of buoyant flows in both phases. One possible
mechanism for pulsating spread in microgravity is if the "premixed gas - diffusive burning" pulsations are
due to periodicity between gas-phase conductive and liquid-phase convective control, as suggested in [7].
A second possibility, which will be determined by these investigations, is whelher pulsations may be
induced in low gravity by the presence of slow, forced, gas-phase, flow.

The approach we have taken to resolving the importance of buoyancy for these flames is: (a) normal
gravity experiments with advanced diagnostics; (b) micmgravity experiments; and (c) numerical modelling
at arbitrary gravitational level.

NORMAL GRAVITY EXPERIMENTS [12]: Most normal gravity flame spread tests were conducted inside
a large metal glove box, 1.2 m long x 0.8 m wide x 0.65 m high which served to eliminate drafts from the
room. The fuel tray, which was 300 mm long and 20 mm wide, was placed lengthwise in the center of the
box and leveled on a platform. By placing aluminum inserts inthe tray to raise its bottom, the depth of the
tray could be varied from 12.5 mm to 2 mm. The inside walls of the tray were lined with 3 mm thick glass
over the entire depth and length to reduce heat losses to the walls (the tray was 20 mm wide with the glass
in place). The outer aluminum walls of the tray, as well as the bottom,were hollow, allowing a glycol-water
solution to flow between them as a means of heating or cooling the tray. A standard CCD video camera
recorded the flame, and the image was later digitized to allow mapping of the flame position vs. time. This
semi-automated data conversion technique allowed detailed graphs of flame position vs. time for dozens
of runs to be made with relative ease.

Experiments on pool depth effects (where buoyancy might be expected to be important) were carried out
between temperatures of 13 °C and 21 °C, at approximately 1 °C intervals. For pools of 1-propanol at TLiq
= 17.3 °C, the 10 mm pool shows a slightly higher flame speed than the 5 mm pool (borne out in several
runs), and both are well above that shown by the 2 mm deep tray. Furthermore, at this temperature, which
is approximately the transitiontemperature from uniform to pulsating spread, the shallow pool clearly shows
regular pulsations, while the others show only small amplitude irregular variations in spread rate. In fact,

Portions of this paper are reprinted from references 5, 12, and 15.
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we found definite, cyclic pulsations at temperatures as high as 18.4 °C for the 2 mm pools, which was
thought to be above the transition temperature, but very uniform spread for the deeper pools. This
difference in tlame spread character with depth provides indirect evidence that there may be a weak liquid
phase flow at these conditions that produces pulsations in a shallow fuel layer but yields uniform spread
in deeper pools.

Well into the pulsating region, at TLi q = 14.1 °C, all three depths showed regular pulsations, and it is quite
clear that the spread rate is dependent on pool depth. Again, the deeper pool shows a higher flame
propagation rate, with the difference between 5 mm and 10 mm now somewhat enlarged compared to the
17.3 °C pool. Furthermore, it is clear that the pulsation wavelength is also strongly dependent on pool
depth. Deeper pools exhibit much longer wavelength pulsations, in this case 4 pulsations over the 25 cm
distance presented for the 10 cm deep pool, compared to 13 for the 2 mm deep pool.

The flame velocity in the "jump" portion of the cycle appears to be constant at about 12.5 cm/sec and
therefore not to be a function of the pool depth, while the crawl velocity increased from 1 crnlsec at 2 mm
deep to 3 cm/sec for fuel layers 10 mm deep. This indicates that the conditions in the gas phase are
similar and controlling during a jump. Between jumps, the flame propagation is severely retarded for the
shallowest pools, and the flame remains nearly stationary at times. This is most likely due to a hindered
development of the subsurface eddy which preheats the liquid enough for the flame to spread further.

As shown by Williams [13], the velocity in the liquid phase, which is of the same order as the flame spread
velocity, can be thought of as receiving contributions from both buoyancy and surface tension effects. His
scale analysis shows that for shallow pools the dependence of the average flame spread rate should range
from between h to h3, depending On whether the dominant driving mechanism is surface tension or
buoyancy, respectively (here, h is the boundary layer depth = pool depth for shallow pools). Experiments
in which depth effects were reported only showed dependence from h1_3[9] to at most h [14]. While
conceding that more than three depths should be studied to reliably establish a trend, the three depths we
used indicate a linear dependence of average flame velocity on depth in the pulsating regime, and a less
than linear dependence in the uniform regime. As noted above, there is no depth dependence on the jump
velocity; the linearity arises from the increase in crawl velocity with depth. From this it seems that surface
tension is the primary driving mechanism in the flow, with liquid-phase buoyancy of lesser importance than
is attributed to it in Ref. 3. Further support for this conclusion is that, for shallow or deep pools, no one
has witnessed anything approaching a cubic dependency, or even a higher than first-order dependency,
on depth.

The pool depth has a strong effect on the pulsation wavelength, but there is no easily discernable
temperature dependence. The depth effect may be due to a limitation imposed by the bottom on the size
of the liquid circulation zone that slightly precedes the flame leading edge. This zone cannot fully develop
in the shallow pools, and the flame catches up more rapidly. Drag on the bottom may also slow down this
flow during each cycle, leading to more frequent pulsations buta lower overall velocity. This explanation
is consistent with numerical predictions of more frequent pulsations for increasing values of liquid Viscosity
and/or decreasing surface-tension coefficient [6]. For the 2 mm deep pool, surface deformation may also
be significant [8] and lead to the formation of roll cells; these cells could be the cause of the depth effect
on pulsation. Future work is needed to resolve the subsurface flow in shallow fuel pools and to confirm
this hypothesis.

Recently [15] we examined the temperature field using rainbow schlieren deflectometry (RSD) and the
velocity field using particle image velocimetry (PIV) for uniform and pulsating flame spread using propanol
and butanol as fuels. The RSD and PIV were recorded with standard CCD video cameras and S-VHS
video recorders. The particle tracks, obtained using an 840 nm laser diode light sheet and 12 micron
pliolite particles, on the video record were digitized, color coded, and time-averaged to assist analysis.

Figure 1 is a 35 mm still photograph, taken off the video records, of the RSD visualization of the refractive
index gradients observed ahead of a left-to-right spreading flame in the pulsating regime. Figure 2 shows
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a 35 mm still photograph superposing 10 consecutive frames to reveal a 0.33 sec time-lapse picture of the
flow field for the same conditions; in this case the flame moves from right-to-left. In order to determine the
direction of the particle movement, the first frame was color coded red and the last frame was color coded
blue; a gradual transition between the two was then performed on intermediate frames. The initial initial
frame corresponds to when the flame was just visible on the right side of the photograph. Figure 2
suggests that the flow ahead of the flame has multiple, counter-clockwise rotating, centers.

In compadng figs. 1 and 2, notice that the flow penetrates to the fuji depth of the pool, unlike the
temperature field. Thus, as might be expected, the use of methods responding to thermal variations, such
as RSD or interferometry, to infer the flow patterns, can be misleading. From the video records, the flame
position never surpassed a surface location of elevated temperature indicated by the color change along
the surface. These results are consistent with the findings of Ito et al [3] who used holographic
interferometry to determine the temperature field. The distance at which surface flow is seen ahead of the
flame exceeded that of the temperature field. The set of measurements implies that the flame advances
only to that position where the surface temperature rises to the flash point; however, the flow head clearly
surpasses this location and the flame's leading edge throughout the pulsating spread cycle, consistent with
the conclusions of refs. 6-7.

Similar measurements were made in the uniform spread regime. The RSD indicates elevated liquid
temperatures penetrate less distance both into the pool depth and ahead of the flame. The PIV also shows
liquid-phase convection does indeed exist a short distance ahead of the flame. Most likely then convection
is the dominant heat transfer mechanism all the way to the flash point even in the uniform spread regime,
a conclusion which is consistent with ref. 3.

MICROGRAVITY EXPERIMENTS [5,12]: We performed a series of normal and microgravity (p.g)
experiments in the NASA Lewis 5.18 second Zero Gravity Facility. A 15 cm diameter, 1 mm deep tray was
mounted inside a 113 liter pressure vessel for both safety puqoosesand to permit the oxygen concentration
to be varied. The base of the tray was machined from ceramic material to minimize heat losses and ease
ignition from a small nichrome, electrically-heated wire (250 t_mdiameter) cantilevered over the tray. To
provide a reproducible fill level, and to minimize pre-drop evaporation, the pool was filled by gravity just
before the drop. Multiple safety systems were employed as described below. The sole instrumentation
was top and side view cameras, operating at 24 f/s and 50 f/s, respectively, and a thermocouple to
determine the initial system temperature. The slow speed of the cameras was required due to the low
luminosity and thinness of the flame. Following the test, the flame spread rate was determined from the
visible flame diameter as a function of time through the use of a digitized motion analyzer.

A major problem with lag, fluid experiments is the control of the liquid surface, whose shape is determined
by a balance of gravitational and surface tension forces, i.e. the static Bond number, Bo=p*g*12/c, where
p is the liquid density, g is the gravitational acceleration, /is the characteristic vessel dimension, and o is
the surface tension. For propanol, Bo, based on a 7.5 cm radius, is about 1800 in normal gravity and
0.0018 in microgravity. As such, the liquid surface transitions from a "flat" configuration in normal gravity
to one of constant curvature, related to its contact angle. Scale analysis and drop tower experiments in
both the 2.2 sec and 5 sec facilities were performed in partially and completely filled cylinders to estimate
the transition and settling time. For simple comparison to normal gravity results and due to the limited I_g
time, the surface curvature and transition time needed to be minimized. The use of very shallow (1.6 mm)
pools in completely full trays provided such minimization; also the contribution to spread of gas-phase
buoyancy was isolated by a comparison of normal and microgravity flame spread characteristics.

Although the leading edges were virtually identical in appearance, the trailing shape of the microgravity
flame was nearly parallel to the pool surlace, indicating the suppression of buoyancy. For conditions where
the corresponding normal-gravity flame spread was uniform, the microgravity spread was also uniform, at
rates comparable to the normal gravity flames. The similarity of normal and microgravlty spread in the
uniform regime indicates that (a) buoyancy-driven motion in either phase had no influence on uniform flame
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spread, (b) radiation effects on spread were probably small for this scale experiment (the large change in
flame height made no difference), and therefore (c) liquid conduction, gas conduction or thermocapillary-
induced liquid motion were the controlling parameters. Normal gravity results described above suggest the
latter is the controlling parameter.

In contrast, pulsating flame behavior in microgravity, where buoyant flows in both the liquid and gas phases
are negligible, was never observed. Instead, independent of 02 concentration, fuel or diluent type, the
initial conditions which gave rise to pulsating flame spread in normal gravity coincided with those causing
extinguishment in a quiescent, microgravity environment. In those cases where the flame did spread to
the edge of the tray, the microgravlty flame subsequently collapsed "bottom-up," i.e. toward the luminous
region farthest from the pool, until the remaining flame was very thin and blue at a distance of 10-15 mm
from the pool surface. After this collapse, the flame lifted very slightly away fromthe pool, and its
luminosity steadily diminished, disappearing at low 02 concentrations before the end of the test.

in a second Series of microgravity tests, the fuel tray was changed from being circular to a trough with
dimensions 15 cm x 2 cm x 1 cm deep. In this case 1-butanol in air and 1-propanol in 17% 02 were used
as the fuels, since they produce pulsating flames at room temperature. To test whether the extinction
condition can be changed and whether pulsating spread can occur in the presence of a forced air flow in
microgravity, a series of tests was conducted with a fan providing a slow, opposed flow of 10-25 cm/sec,
as measured with a TSI hot wire anemometer. This flow regime is inaccessible in normal-gravity flame
spread due to the induced buoyant flows. Initial experiments confirmed that the change of tray geometry
from a shallow, axisymmetric pool to a deep, linear pool did not affect the previous Conclusions regarding
microgravity flame spread behavior under quiescent conditions: the aforementioned pulsatir_g/extinction and
uniform/uniform correspondence was maintained in the new pool when comparing normal/microgravity
behavior. However, with the oppo_sed=a!rflow the flame was sustained in microgravity where under
quiescent conditions it had extinguished. This agrees withstUdies-ofmi_0gravlty flame Spr_eadover solids,
in which slow, opposed flow lowers the limiting oxygen index [16]. Unlike solids though, t_e flame stand-off
distance remained immeasurably close to the pool surface until extinction. For solids, surface re-radiation
has been cited as contributing principally to the extinction [17], but the low surface temperature of the pool
makes this an unlikely mechanism. These differences suggest that other factors, perhaps gas-phase
radiative losses [16], conductive losses to the environment or the pool [6], and/or low oxygen transport rates
[18], are contributing to flame extinction of liquid pools in microgravity.

The character of the flame spread with opposed flow was unsteady, and to some extent pulsating, with the
frequency of the pulsations comparable to those observed in normal gravity. It was determined that the
fan swirl was also approximately of this frequency (no flow straightener was used), so a definite statement
that classical pulsating spread was observed is not yet justifiable. The flames appeared very responsive
to the air flow; when the air flow weakened, so did the flame, to the point that it nearly extinguished.
Therefore, the tests showed conclusively that the flame spread behavior was tied to the air tlow, furthering
proof that subflash microgravity flame spread is not controlled entirely by liquid convection.

NUMERICAL MODELLING: Our recent computational studies have addressed unsteady, axisymmetric
and planar open pool configurations. The transient numerical model uses the SIMPLE algorithm [19] with
the SIMPLEC modification [20]. This method uses primitive variables (u, v, p, h), a staggered mesh, and
the hybrid-differencing scheme. The continuity equation is satisfied by solving the pressure-correction
equation in the SIMPLE algorithm. A "phase-split" solution technique is used in that the gas and liquid
phases are solved separately. At the gas/liquid interface, Dirichlet-type boundary conditions from the
solution of the liquid phase are used for the solution of the gas phase, while Neumann conditions from the
gas phase are used for the upper boundary of the liquid phase. Accurate modelling of the reaction zone
requires a fine numerical mesh not only in the reaction zone itself, but also in the region between the
reaction zone and the liquid surface (to predict accurately the liquid surface heating ahead of the flame).
In order to save computer time, a partially-adaptive grid scheme is used to move the fine mesh region
along with the spreading flame inthe radial direction. Convergence of the governing equations is optimized
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by underrelaxation and extra iterations of the pressure-correction equation.

The effects of blackbody radiation, surface tension, gravity level, variable density and thermophysical
properties, vaporization, and finite-rate chemical kinetics are included in the computational model.
Infinitely-fast chemical kinetics (i.e., the flame sheet approximation) cannot be assumed because the flame
leading edge is premixed. The model assumes that the liquid surface remains flat and horizontal at all
gravity levels. Solutocapillary forces and recession of the liquid surface due to vaporization are neglected.

It is predicted that at normal gravity, the temperatures in the reaction zone are generally higher and the
reaction zone thinner than at micmgravity. The flame standoff distance is slightly smaller at normal gravity
than at microgravity, but the reason for this is not as clear as with flame spread over solids. Without the
effects of surface tension, flame spread rates decrease with increasing gravity level. When surface tension
is included, flame propagation is either uniform or pulsating depending on the gravity level and initial pool
temperature.

Pulsating spread of the precursor flame in front of the main body of the diffusion flame is caused by the
formation of a recirculation cell in the gas phase in front of the flame leading edge (see Figure 3). This
recirculation cell is formed by a combination of opposed flow in the gas phase due to buoyancy and
concurrent flow in the liquid phase due to thermocapillary forces. At microgravity, a recirculation cell may
still form in front of the flame leading edge solely due to the surface-tension-driven shear flow. However,
the strength of this recirculation cell is relatively weak compared to that at normal gravity. Therefore,
periodic flame pulsations are not predicted at microgravity.

Hot gas expansion plays a significant role in the flame pulsation process by causing the periodic destruction
of the gas-phase recirculation cell. Large hot gas expansion velocities oppose the flow of fresh oxygen to
the reaction zone. Both a lack of oxygen due to the hot gas expansion and quenching by the liquid surface
leads to the extinguishment of the precursor flame. When hot gas expansion is not included in the
simulations, small backward and forward pulsations of the precursor flame still occur at normal gravity due
to the presence of the recirculation cell in front of the flame leading edge. However, the recirculation cell
structure remains intact throughout the pulsation cycle, and the precursor flame is extinguished due to
quenching by the liquid surface.

The presence of both opposed flow (e.g., due to buoyancy) and concurrent flow (due to thermocapillarity)
in front of the flame is required for periodic flame pulsations to occur. Since the flame spread rate
increases with initial pool temperature (due to a larger concentration of fuel vapor in the gas phase), the
region of liquid surface heating ahead of the flame decreases. Without appreciable liquid surface flow
ahead ol the flame, a recirculation cell does not form in front of the flame leading edge; therefore, flame

pulsations do not occur for initial temperatures near the flash point.

FUTURE WORK: Numerical simulations to date have used fuel properties of n-decane. In the future,
alcohols such as methanol will be simulated to help explain the fundamental differences in flame spread
characteristics between hydrocarbon and alcohol fuels. The effects of gas-phase radiation and diluent type
will also be investigated.

In normal gravity experiments, we will continue to perform flow and temperature field visualization studies
for several pool sizes over a range of temperatures. In addition we plan to do rocket-based microgravity
experiments. The three principal areas will be: a. The effects of deeper and longer pools; b. the effects
of small levels of forced gas-phase flow, both opposed and concurrent, in both the uniform and pulsating
spread regime; and c. the effect of fuel type on flame spread.
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FIGURE 1: RSD Visualization of a butartol-air flame at 23 C. Flame spreads fiom left to right. The pool depth is I cm,

FrGURE 2: PIV of a butanol-air flame at 23 C. Flame spread is from right to left. Time lapse is 0.33 sec. Pool depth is 1 cm; note that

,he field of view of this picture is different than that of Figure t.
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Figure .-.-.-1.--Flow pattern and flame struc.ture for one flame pulsation at normal gravity. In

(d)-(f), the recirculation cell structure in front of the flame leading edge is destroyed during

the premixed burning portion of the flame. Hot gas expansion opposes the flow of fresh

oxygen to the reaction zone, and the flame moves backwards (as if it were being extin-

guished). The gas expansion rate decreases after the flame propagates through the pre-

mixed region, and, subsequently, the I;LuJ3.vant forces recover to provide fresh oxygen to

the reaction zone.
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COMMENTS

Question (Sandra Olson, NASA Lewis Research Center): You commented thai there is no ctm_.cnsus as to

the effect of pool depth on spread ratc. Your data, for pools 2-10 mm deep, agrccs qualhzdivcly with
literature data for 1-7 mm deep pools (i.e., llncar rclatlon). The other two rcfcrcnccs cited; 2-4 mm and 2-

25 mm (I think) show no effect or a 1/3-dcpcndcncc rclation, rc_pcctivcly. Could you commcnl further on

the trend with depth, specifically if it is possible that for the ranges studics cach may bc v,did, which may

help interpret controlling mechanisms of flame spread?

2f4:
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Answer: The question of how flame spread velocity varies with pool depth has bccn studied by _ ueral
rcsearchcrs with mixed rcsuhs. Wc bclicvc that the work with very shallow pools missed a dcplh dcpcndcncc

by collecting too few data points, and then plotting them on a log scale. The linear rotation wc dcscribcd

was based on 3 data points; we readily conceded in our paper th;ll was insufficient to draw firm conclusions.

Eventually one expects the flame spread rate to become independent of pool depth, at least in n,,rmal gravity

(i.e., the pool could bc considcrcd "dccp"). Previous work suggcslcd thut it pool depth of 1 cm _,mld mcct
this criterion. It is met based on lhermal pcnctralion depth, but not momentum considerations: ,mr PIV

showed thc vortcx reachcs the pool bottom.

Question (S. Raghu, SUNY at Stony Brook): In thc flow pattcrn in the liquid rcscmblcs that during surface

wave propagation havc any studies bccn done from this pcrspedivc?

Answer: No one has yct measured quantitatively the extent of surface deformations or waves dtumg flame

spread. At thc same timc, we know they exist. Estimates stlggcsl deformation is on the ordcr of 1 ram,
thcrcforc dcformation may bc quite significant for shallow pools. Our PIV resuhs suggcst that s,,mc form of
surface wave exists and affects the flow pattern in 2 mm dccp pools, but not in 10 mm dccp pooN.
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Introduction

Early research work on combustion of metals was motivated by the knowledge of the large heat release

and corresponding high temperatures associated with metal-oxygen reactions. The advent of space flight

brought about an increased interest in the ignition and combustion of metallic particles as additives in solid

rocket propellants (Refs. 1 and 2). More recently, attention has been given to the flammability properties

of bulk, structural metals due to the number of accidental explosions of metal components in high-pressure

oxygen systems (Ref. 3).

The following work represents a preliminary study that is part of a broader research effort aimed at

providing further insight into the phenomena of bulk metal combustion by looking at the effects of gravity

on the ignition behavior of metals. The scope of this preliminary experimental study includes the use of

a non-coherent, continuous radiation ignition source, the measurement of temperature profiles of a variety

of metals and a qualitative observation of the ignition phenomena at normal _avity.

The specific objectives of this investigation include: a) a feasibility study of the use of a continuous

radiation source for metal ignition, b) testing and characterization of the ignition behavior of a variety of
metals and c) building a preliminary experimental database on ignition of metals under normal gravity
conditions.

The advantage of using a continuous radiation light source lies primarily on its non-intrusive character and

on the nature of its spectral distribution. A short-arc lamp provides broadband radiation in the ultraviolet,

visible and near-infrared regions (in the 200-1200 nm range); since the absorptivity of metals increases

significantly with decreasing wavelength within this region, this feature will in turn result in a decreased

input power requirement. The flexibility, ruggedness and low-weight properties of these lamps make them

also very attractive for future experiments on high-speed centrifuges (for elevated gravity environments)

and zero-gravity simulators (for reduced gravity experiments).

The metals tested in this investigation, iron (Fe), 1018 carbon steel, titanium (Ti), deoxidized copper (Cu)

and aluminum (AI) were selected because of their importance as elements of structural metals and their

simple chemical composition (pure metals instead of multi-component alloys to avoid complication in

future morphology studies). These samples were also chosen to exemplify the two different combustion

modes experienced by metals: heterogeneous, surface oxidation (Fe, 1018 carbon steel, Ti and Cu) and
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homogeneous,gasphasereaction(AI). In addition,thesespecimensexhibitawidevarietyof melting
temperatures,heatsof combustion,oxideformationprocessesandadiabaticflametemperatures.Copper
wasselectedsincenoreportedcasesof copperrodburningwerefoundin the literature.1018carbonsteel
waschosenfor comparisonpurposessinceit hasanalmostidenticalcompositionasiron exceptfor a
0.18%carboncontentdifference(andlessthan1%of otherelements).The experimentalapproach
consistedinprovidingtemperatureprofiles,ignitiontemperaturevaluesandavisualrecordof theheating,
ignitionandcombustionstagesof themetalspecimen.

Experimental Apparatus and Procedures

The experimental system is shown in Figure 1. The radiation source consisted of a 1000 W xenon

short-arc lamp with 250 W of broadband output radiation power (with approximately 42% of output power

between 800-1200 nm and the rest between 200-800 rim).

The high-intensity, non-coherent light comes out of the lamp in a collimated beam (4* half-angle) and is

then intercepted by an aspheric lens (8 cm diam., 6 cm f.I.) which provides the maximum light collection
efficiency for a given focal length under these conditions. The beam is then focused down to a 5 mm spot

on the top surface of a metal sample providing approximately a 1 MW/m 2 power density (corrected for

transmitting medium absorption). The cylindrical metal specimen is 5 mm in diameter and 5 mm high

and rests on top of a circular refractory brick base which isolates the sample from heat conduction to its

pedestal. These components are located inside a 4.5 liter stainless steel cylindrical chamber which permits

input radiation and visual access through a 10 cm diam., 2 cm thick quartz window. An oxygen

environment (99.5% pure 02) was used in all cases at absolute pressures between 0.4 and 4.0 atm. The

chamber pressure was monitored by a solid-state piezoresistive pressure transducer (0-20 atm range). The

specimen surface temperature was measured by a Pt-Pt 10% Rh (0.1 mm diam.) thermocouple located at

approximately 0.3 mm below the surface. Visual observations were recorded with a black and white

Panasonic camera with a #5-density aluminized mylar filter.

Prior to the experimental run, the metal sample was thoroughly cleaned with acetone and placed on top

of the refractory firebrick. Care was taken to assure that the thermocouple made good contact with the

metal. After closing the combustion chamber, three evacuation and filling cycles were executed to assure

a pure oxygen atmosphere inside. The lamp was turned on to full power and the beam was focused on

top of the metal specimen. The experiment was monitored throughout by temperature and pressure
displays and the video camera. After complete combustion, the sample was allowed to cool down and

the final pressure was recorded to quantify oxygen consumption. The chamber was opened and the solid

combustion products were stored for future analysis. A minimum of 5 samples of each metal were tested

to ensure consistency and experimental repeatability.

Results and Discussion

Initial testing of the short-arc lamp was performed with simple heating and melting experiments with the

different metals in air at atmospheric conditions. Melting was successfully achieved in all cases in time

periods ranging from 15 to 25 seconds. The lamp was then tested for radiant ignition of metal samples
in a pure oxygen atmosphere. All metals except for aluminum exhibited ignition and combustion within

the same time period as with the melting tests. The results obtained are summarized in the next three
sections.
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I) Qualitative observations

A visual record of all successful experimental runs revealed the existence of three important and distinctive

phases:
a) The heating period included an initial sudden thermal expansion of the top surface of the

specimen after radiation was applied. Surface structure changes were also detected by the variation of the

radiation characteristics of the sample. These surface changes are related to the allotropic nature of metals

in the solid phase, the oxide layer formation and the solid-liquid phase transition.

b) The ignition phase was characterized by the formation of a liquid metal pool on the top surface

of the sample, followed by rapid oxidation and a noticeable increase in energy release evidenced by the
intense radiation emitted from the reaction zone.

c) The combustion event, i.e., the self-sustained propagation of the reaction zone was

accompanied (in the case of iron, 1018 carbon steel and titanium) by a violent exothermic reaction

including outward expelling of small particles that collected in the walls and window of the chamber. The

detection of intense luminosity is due to the high temperature (3000-4000 K) obtained in the reaction zone.

A marked difference in reaction intensity was observed between the iron and the 1018 carbon steel

samplcs, where the latter exhibited a much higher flux of ejected hot particles probably due to its carbon

contcnt. The behavior of copper in the combustion phase had very different characteristics as explained

in the Special cases section.

II) Temperature profiles

Temperature records also revealed uniquely the existence of the heating, ignition and combustion stages.

Figure 2 shows the temperature histories of titanium, copper, iron and 1018 carbon stcel.

All samples showed an increase in temperature with asymptotic approach to a steady-state value in the

first fcw seconds of radiative heating. In the preliminary melting experiments in air the steady-state

temperature value (not shown) was fixed by the melting point of the metal due to the constant-tcmperature

phase change. In contrast, a point of inflection was reached on the temperature vs. time plots

corrcsponding to ignition experiments in pure oxygen (see Figure 2). This transition point is identified

as the temperature at which the heat generated by the metal oxidation first exceeds the heat lost through
conduction, convection and radiation. This temperature is defined in this investigation as the critical

ignition temperature of the metal sample. Beyond this point, the metal specimen is driven into a thermal
runaway region as a consequence of the exponential dependence of the reaction rate on temperature. The

acceleration of the reaction rate ultimately reaches the catastrophic oxidation level which defines the

exothermic, self-propagating combustion zone. At this stage, the temperature drastically increases to the

vaporization temperature of the metal oxide (approx. 3000-4000 K depending on the metal type) where

it stays throughout the combustion phase. As shown in Figure 2, the thermocouples were unable to follow

the temperature increase in this last stage because their maximum operating temperature is around 2000K.

Table 1 shows the heat of combustion, melting temperature, ignition temperature, and adiabatic flame

temperature of the different metals tested. In the case of iron, 1018 carbon steel, copper and titanium the

ignition temperature is always below or in the range of the melting temperature of the metal. This result

is typical of metals exhibiting heterogeneous reaction with non-protective oxide layers. In the case of iron

and 1018 carbon steel, the temperature profiles and ignition temperatures are very similar due to the
almost identical chemical composition. For the titanium run shown in Figure 2, the thermocouple broke

before the temperature curve reached the point of inflection corresponding to the critical value for ignition

(approx. 1720 K).
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III) Specialcases

The following cases represent two noteworthy examples of different behavior from the previously
mentioned results.

a) Aluminum. All ignition tests performed on aluminum were unsuccessful. This metal proved

to be impossible to ignite due to the formation of a thick, extremely resistant, insulating oxide layer that
prevented the molten metal inside to come into contact with the surrounding oxygen atmosphere. The

existence of this protective aluminum oxide layer has been _nfirmed by other studies (Refs. 4 and 5).
The ignition temperature of aluminum is much higher than the melting temperature of the metal and it

actually corresponds to the melting point of the metal oxide (Ai20_). Different techniques (including

forced mechanical stressing and prolonged radiation heating) were used to induce ignition in the metal

sample, but all proved unsuccessful.

b) Copper. A very interesting and unexpected result of this investigation was the ignition and
combustion of copper samples. Previous work (Ref. 6) has classified copper as a non-flammable metal

due to the sudden extinction of the rod after ignition on upward propagation Studies. However, under our

experimental configuration, clear evidence of ignition and subsequent indefinite downward propagation

of copper specimens was obtained at 0.84 aim. In contrast with iron, 1018 carbon steel and titanium,

copper exhibited a smooth combustion phase characterized by a slow regression rate with a low-luminosity

reaction zone. This behavior may be due to the low heat of combustion which retards the melting and

subsequent oxidation of the metal in the molten surface. This same argument may explain the difficulty

of burning copper in the upward propagation mode. Under this configuration, the detachment of the first

molten ball from the vertical rod removes the thermal mass that preheats the solid metal in front of it and

causes a rapid cooling of the reaction zone (where the low heat of reaction is unable to overcome heat

losses) with extinguishment following afterwards. Several tests with different specimen lengths (up to 30

mm) were made to provide unmistakable evidence of self-propagation and complete oxidation of the

sample. In addition, all tests showed a noticeable decrease in chamber pressure (2-5%) providing further
indication of complete metal oxidation.

Conclusions

This study has demonstrated the effectiveness of using a non-coherent, continuous radiation source for

metal ignition. In addition, ignition and combustion _ tests were performed on different metal specimens,
including iron, 1018 carbon steel, titanium and copper. Qualitative observations and temperature profiles

have revealed the existence of the heating, ignition and combustion stages. These zones are characterized

by well-defined surface structure changes, surface temperature behavior, luminosity and chemical activity.
Values of ignition temperatures (defined here as the critical point of inflection in the temperature vs. time

curve) were obtained and compared with results of previous investigations (Refs. 4,8,9). Good agreement

(+/- 10%) was found considering the differences on ignition temperature definition and experimental

technique used among the various studies;
• :7 "

The experimental work is being complemented by modeling studies which include the effects of

conduction, convection and radiation heat transfer in th e solid specimen and the surrounding gas. The

computational model explores the effects of gravity (0.0 g to 10.0 g) and pressure (0.15 atm to 10 arm)
on the heating phase of the metal sample under non-oxidizing conditions. Preliminary results indicate that

for a constant input heat flux on the specimen, there is an increase in convection heat transfer that

asymptotically approaches a constant value both for increasing gravity and for inci'easing pressure. This

limit in convection heat transfer imposes a limit on the minimum steady state specimen temperature
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obtained. The heat transfer studies are designed to help evaluate the energy balance on the specimen

during heating prior to ignition.
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Figure 1. Experimental Apparatus Figure 2. Temperature vs. time behavior of iron,
1018 carbon steel, copper and titanium

Metal

Specimen

Aluminum (AI)

Titanium (Ti)

Iron (Fe)

Carbon Steel

(1018)

Copper (Cu)

Heat of
Combustion

(cal/g)

7425

4710

1765

1765

585

Melting
Temperature

(K)

93O

1963

1812

1812

1356

Ignition

Temperature

(K) a

2300

1720

1490

1450

1060

Adiabatic Flame

Temp.
(K)

38OO

33O0

30OO

i

30OO

1635

a From this investigation, except for aluminum from Brzustowski, et. al. [7]

Table 1. Heats of combustion, melting, ignition and adiabatic flame temperatures

for the different metal specimens used in this investigation.
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COMMENTS

Question (John Moore, Colorado School of Mines): I noticed that you said you did not ignite the aluminum,

yet you quote an ignition temperature for aluminum of 2300 K - this is the approximate inching point of

aluminum - there must be some connection. Can you please comment.'?

_: In the present investigations of the ignition of metals by a continuous radiation source we were

unable to ignite the aluminum specimens. We feel that this is due to the limitation of the power of the

radiant ignition source used. In previous studies using a CO 2 laser for ignition (Reference 4 in the paper)
we were able to ignite specimens of AI 6061. In those studies the aluminum specimen formed a solid

aluminum coating on the surface with molten aluminum in the core of the specimen. The ignition occurred

when the oxide coating approached its melting temperature and weakened sufficiently to crack or otherwise
expose the molten aluminum to thc oxygen. Therefore, there is a connection between the mching

temperature of aluminum and the ignition process in the aluminum specimens.
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Theodore A. Steinberg and D. Bruce Wilson
Lockheed-ESC

White Sands Test Facility, New Mexico

and

v

N93- 20211--

Frank J. Benz
NASA

White Sands Test Facility, New Mexico

Introduction and backqround

The study of the combustion characteristics of metallic materials

has been an ongoing area of research at the NASA White Sands Test

Facility (WSTF) (ref. 1 and ref. 2). This research has been in
support of both government and industrial operations and deals

not only with the combustion of specific metallic materials but
also with the relative flammabilities of these materials under

similar conditions. Since many of the metallic materials that

are characterized at WSTF for aerospace applications are to be
used in microgravity environments, it was apparent that the

testing of these materials needed to proceed in a microgravity
environment. It was believed that burning metallic materials in

a microgravity environment would allow the evaluation of the

validity of applying normal gravity combustion tests to

characterize metallic materials to be used in microgravity

environments. It was also anticipated that microgravity testing

would provide insight into the general combustion process of

metallic materials. The availability of the NASA Lewis Research

Center's (LeRC) 2.2-second drop tower provided the necessary

facility to accomplish the microgravity portion of the testing

while the normal gravity testing was conducted at NASA WSTF. The
tests, both at LeRC and WSTF, were conducted in the same

instrumented system and utilized the standard metal flammability

test of upward propagation burning of cylindrical rod samples.

Until this study, microgravity combustion tests did not exist for

metals and alloys and there was uncertainty as to whether these

materials would support combustion in the absence of gravity.

However, nonmetals have been tested under microgravity

conditions. Generally it has been found that in microgravity,

nonmetals do not burn as well as similar experiments in normal

gravity. Normally, the reduction in combustion rate for

nonmetals in microgravity has been attributed to the vapor-phase
diffusion flame these materials exhibit.

To study the microgravity combustion of metallic materials, a

PRECEDING P_IIGEBLANK rIOT F!Lht_ED
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proposal was written and submitted to the director of Johnson

Space Center (JSC). The JSC director funded this work through

the JSC Director's Discretionary Fund in 1989 with a duration of

two years. With this funding, an experimental program with

appropriate instrumentation and facility usage commenced to study

the combustion of metallic materials in microgravity. Three

subsequent proposals were funded by the NASA WSTF Laboratories

Office Chief to continue this work and two proposals are

currently under consideration for funding. The results of these

test programs and anticipated future work are summarized below.

The use of metallic particles as additives to rocket propellants

is normally thought of as the impetus for understanding the
combustion characteristics of metallic materials. Since this

time, there have been several critical failures of metal

components in high-pressure oxygen systems. For these reasons

NASA was prompted to initiate programs to better understand the

ignition, combustion, and flame spread of metallic materials as

well as programs to contrast the similarities and differences of
metallic materials combustion as a function of the gravity level.

Unlike nonmetallic materials which burn in a vapor-phase

reaction, metallic materials can exhibit a liquid or condensed-

phase combustion reaction (ref. 3). The majority of recent

testing conducted by WSTF and others involved the combustion of

cylindrical rods. In normal gravity, it has been shown that, an

increase in rod diameter will be accompanied by a decrease in the

regression rate of the melting interface (ref. 2).

Experimentation in normal gravity has also shown that a decrease

in the ambient oxygen pressure will also result in a decrease in

the regression rate of the melting interface (ref. 2).

Experimental

Complete details of the experimental system design, equipment,

certification, ignition event, and operation both in normal

gravity at WSTF and microgravity at LeRC are given in ref. 4.

The oxygen used at both WSTF and LeRC was 99.5% pure (min.) and

the oxygen environment was static at the beginning of a test

except for the slight free-convective effects induced by the
ignition event. The metals and alloys tested, to date, include

rods of iron, 316 stainless steel, 2219 aluminum, titanium,

nickel 200, Monel K-500, copper, and tungsten. Thin and thick
sheets and meshes of 316 stainless steel were also tested.

Results and Discussion

Figure la shows a molten ball, just after detachment, that was

formed on the end of a 0.32-cm-diameter cylindrical iron rod

burning at 6.9 MPa in normal gravity. The melting interface is
the contact area between the solid rod and the formed molten ball

(while still attached to the rod). The molten ball grows as

energy is transferred from the combustion process to the solid
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rod and the melting interface moves upward. This process

proceeds, in normal gravity, until the molten ball detaches from

the solid rod and a new molten ball is formed. The detachment of

the molten ball occurs when the gravitational force exceeds the

sum of the adhesion and surface tension forces which hold the

molten ball to the solid rod.

As stated, at the beginning of testing it was unclear as to

whether metallic materials would support combustion without

gravity. It was quickly determined that the metallic materials

tested do support combustion under microgravity conditions

similar to conditions that support combustion in normal gravity.

Figure ib shows the microgravity combustion of the equivalent

experiment shown in Fig. la. The 2.2 seconds of microgravity

time would have been equivalent to approximately five growth-and-

detachment cycles in normal gravity. Instead of detaching in

microgravity, the molten ball continues to accumulate mass until

impact at the bottom of the drop tower occurred. Upon impact,

now in normal gravity, the rod would not extinguish but would

continue to burn until completely consumed.

Several differences between the normal gravity and microgravity

burning of the metal rods were apparent and include i) the change

in shape of the molten ball from a teardrop to a near perfect

sphere, 2) the change in the shape of the melting interface from

a circular section to an elliptical section which results in a

larger attachment area, and 3) in microgravity the molten ball is

often observed to precess around the rod as it burns (equivalent

to the instability leading to spinning deflagration).

Calculation of regression rates of the melting interface in

normal gravity is accomplished by monitoring the upward movement

of the horizontal melting interface from a photographic record of

the burning event. In microgravity, the regression rate of the

melting interface is calculated by first representing the melting

interface by a slanted line with start point and end point

defined by the intersection of the molten ball and the solid rod.

By monitoring the midpoint of this line as the melting interface

progresses up the rod, a value of the regression rate can be

obtained. As described in the background, in normal gravity, the

regression rate of the melting interface increases with

increasing oxygen pressure or decreasing rod diameter. This

trend is also true during the microgravity combustion of metallic

rods. Though a similar dependency of the regression rate as a

function of rod diameter and oxygen pressure is shown between

normal gravity and microgravity, there is a significant

difference between the absolute regression rates. The regression

rate of the melting interface greatly increases, for similar

experimental conditions, during microgravity conditions. This

increased regression rate, rod diameter dependency, and oxygen

pressure dependency, as a function of gravity level, for the iron

system, is shown in Fig. 2.

It has also been shown (ref. 5) that the molten ball formed on a
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burning iron rod (0.32-cm-diameter) at 6.9 MPa oxygen pressure,

in normal gravity, contains excess oxygen above stoichiometric

requirements (for the formation of FeO). This result is also

true during the microgravity combustion of iron over a pressure
range between 1.7 and 8.6 MPa.

The combustion of a 0.32-cm-diameter 2219 aluminum rod shows a

combustion zone that is similar in shape, growth, and progression
up the rod as seen with the iron rods. It is different with

regards to total luminosity (more) and the quantity of volatile

products surrounding the combustion zone.

During the microgravity combustion of 316 stainless steel (rods,

sheets and meshes), which physically appears to burn identical to

the iron, there was a fine olive green powder residue deposited

throughout the chamber. This phenomena does not occur during

similar experiments in normal gravity. This powder was

collected, analyzed by x-ray diffraction, and shown to be

chromium oxide (Cry03). This result suggests that the temperature

of the molten ball during microgravity combustion is greater than

for combustion in normal gravity and leads to the volatilization

of chromium or chromium oxides. As the molten ball grows in
microgravity, the molten ball retains more of the heat that is

generated by combustion and results in a higher temperature.

This increase in temperature is consistent with the increase in

the regression rates also exhibited in microgravity.

Different shapes were burned in microgravity to compare

configurational effects to similar normal gravity tests. One
such test was a thin sheet of 316 stainless steel at 6.9 MPa

oxygen pressure which, in normal gravity, extinguishes at this

pressure. As the molten mass accumulates in normal gravity it

detaches and residual thermal energy is lost at a faster rate

than it is generated and so the burning extinguishes. In

microgravity, this sample shape burns until the entire sample is
consumed since the molten mass does not detach from the sheet.

T'ien (ref. 6) has hypothesized the probability of a change in

the flammability of a material when the burning event is moved

from normal gravity to microgravity, but no experimental
evidence, until this study, has verified this hypothesis.

Copper, nickel 200, and Monel K-500 are three materials that have

been shown at WSTF to be nonflammable (0.32-cm-diameter rods) in

normal gravity up to oxygen pressures of 69.5 MPa. In

microgravity, these materials all appeared to burn at oxygen

pressures as low as 6.9 MPa, but the test time of 2.2 seconds did

not allow adequate time to allow propagation of the burning event

for a significant distance along the sample rod. The burning

copper rod is shown in Fig. ic.

Conclusions and future work

Metals and alloys burn readily in microgravity environments which
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indicates adequate circulation in the formed molten mass to

ensure fuel-oxidizer mixing. Under similar experimental

conditions, rods that burn in normal gravity burn faster in

microgravity. Sample shapes (sheets) that extinguish in normal

gravity burned completely under similar microgravity conditions.

Sample materials that do not burn in normal gravity at very high

oxygen pressure burn in microgravity at substantially lower

oxygen pressure for the 2.2 seconds of test time. A similar

dependency between regression rate of the melting interface and

oxygen pressure and rod diameter exists in normal gravity and

microgravity. 316 stainless steel (rods, meshes, and sheets)

produced volatile combustion products when burning in

microgravity which does not occur in normal gravity. All of
these observations are consistent with the implied observation

that the temperature in the molten ball in microgravity is

greater than in normal gravity. Excess oxygen, above

stoichiometric requirements, is contained in the molten ball

formed on iron rods both in normal gravity and microgravity.

There are several areas of emphasis for future work. More

configuration testing and new material testing is also needed.
The solution of a metals combustion model for iron (condensed-

phase burning material) in microgravity is also proceeding which

will result in determination of the activation energy,

preexponential factor, and other parametric values needed for the

characterization of the burning iron system. A stability

analysis on the combustion phenomena at both the melting

interface and the reaction zone is ongoing. The study of gravity

effects on nonmetals which burn with surface flames (Teflon and

graphite-filled polymers) is also anticipated future work.
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a) 0.45 s b) 1.16 s c) 1.15 s

Figure 1.-- Molten ball formed on a burning 0.32-cm-diameter rod in pure oxygen, a) iron in normal gravity

(just after ball detachment-6.9 MPa), b) iron in microgravity (6.9 MPa) and, c) copper in microgravity (8.1
MPa). The white lines were added to the photographs to show the boundaries of the rods.
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COMMENTS

Ouestion (R. Friedman, Factory Mutual): What procedure dkl you use to ignite your sample?

Answer: The microgravity combustion test at LeRC had two dlffcrent ignition procedures. In the first

procedure, the ignition of the test samples occurred before the drop began, in order that the combustion

could be observed during a transition from normal gravity to microgravity. The second initialion procedure

ignited the test sample after free-fall (microgravity conditions) was established, ira order to evalu;_te a rod's

combustion in microgravity alone.

All experiments were ignited by small amounts of Pyrofuze wire wrapped around the bolfom of lhe sample.

The Pyrofuze wire was ignited by resistive heating and had a negligible effect on the surroundings.
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STUDIES OF DROPLET BURNING AND EXTINCTION

F.A. Williams

Department of Applied Mechanics and Engineering Sciences
University of California, San Diego i,,_ -

La Jotla, California 92093-0310 _°  ,-20212¢)

Introduction

A project on droplet combustion, pursued jointly with F.L. Dryer of Princeton University, has

now been in progress for many years. The project involves experiments on the burning of single

droplets in various atmospheres, mainly at normal atmospheric pressure and below, performed in

drop towers (e.g., ref. l) and designed to be performed aboard space-based platforms such as the

Space Shuttle or the Space Station. It also involves numerical computations on droplet burning,

performed mainly at Princeton, and asymptotic analyses of droplet burning, performed mainly at

UCSD. The focus of the studies rests primarily on time-dependent droplet-burning characteristics

and on extinction phenomena.

The presentation to be given here concerns the recent research on application of asymptotic

methods to investigation of the flame structure and extinction of hydrocarbon droplets. These

theoretical studies axe investigating the extent to which combustion of higher hydrocarbons -

heptane, in particular - can be described by four-step reduced chemistry of the kind that has

achieved a good degree of success for methane flames. The studies (refs. 2, 3, and 4) have progressed

to a point at which a number of definite conclusions can now be stated. These conclusions and the

reasoning that led to them are outlined here.

Asymptotic Descriptions of Diffusion Flames

A mixture fraction Z (ref. 5), defined to be zero in the oxidizer and unity in the fuel, serves as

an attractive independent variable for analyses of diffusion-flame structures because its adoption

enables the problem to be formulated in a universal manner that does not depend on the specific

geometrical configuration. However, a unique Z exists only if all relevant Lewis numbers are

unity. It has been argued (ref. 3) that for droplet burning, in the transport zones away from the

stoichiometric mixture fraction Zc, Lewis numbers of unity are reasonable approximations, mainly

because those for oxygen and products in the outer zone are close enough to unity, while in the fuel

zone only the fuel specific heat is relevant (since no other species are transported there), and this is

large enough to counteract the small fuel diffusion coefficient, again giving the Lewis number close

to unity. It is important to account for Lewis numbers different from unity in the thin reaction zone
centered at Z = Zc, but this can be done without difficulty and without affecting the definition

of Z, so long as this zone is thin in the mixture-fraction coordinate. Thus, the droplet-burning

problem is formulated in terms of the mixture fraction (ref. 2, 3, and 4).

In the mixture-fraction formulation, the simplest asymptotic description is the Burke-Schumann

reaction-sheet structure, shown by the straight lines labeled "equilibrium" in figure 1. This limit

corresponds to an infinite Damk6hler number for one-step, irreversible chemistry and provides
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the outer, transport-zone solutions to which the reaction-zone solutions axe matched. Figure 1

illustrates that in the reaction zone there is a one-paxameter family of solutions, the parameter

being Xc, the value at stoichiometry of the scalar dissipation rate

X = 2DI VZ 12, (1)

where D is the (local, variable, common) diffusion coefficient of the outer solutions. As X c increases,

the peak temperature decreases, and eventually an abrupt extinction is approached, at a critic_!

wlue of Xc. Figure 1 illustrates this qualitatively on the basis of activation-energy asymptotics

(AEA); after extinction the solution is the frozen one given by the dashed lines.

When the mixture-fraction formulation is employed, the distinction between different geomet-

rical configurations arises only through the expression for the scalar dissipation, X- For a stagnant

mixing layer of thickness, l

X = 2D/t, (2)

while for constant-density counteritow mixing with a normal-component strain rate Ko in the
oxidizer stream

_. I 2

in which erfc -1 denotes the inverse (not the reciprocal) of the complementary error function. It

has recently been shown (ref. 6) that for small Zc, the usual case encountered in practice, variable-

density effects can be included reasonably by placing on the right-hand side of equation (3) the
additional factor

where Po is the density of the oxidizing stream and pc that at the stoichiometric flame sheet. For

droplet burning (ref. 2) it is found that

8D {[ln(1- Z)]_(1- Z)} 2x = "if) (5)

where dl is the droplet diameter, and B is the transfer number for the droplet combustion process,

given in an approximation of constant specific heat % by

B = {cp(T_¢ - Tl) + QYo2oo/[(3n + 1)Wo2/2]}/L, (6)

where T,W, and Y denote temperature, molecular weight, and mass fraction, the subscript co

identifies the ambient atmosphere, L is the energy required to vaporize a unit mass of fuel, Q

stands for the heat released per mole of gaseous fuel in combustion, and n represents the number of

carbon atoms in the alkane. By use of equation (5) at Z = Zc, the droplet diameter at extinction

die, can be obtained from X_, the value of Xc at extinction, which has been calculated without

reference to the specific geometrical configuration.

Figure 2 illustrates how figure 1 is modified by reduced chemistry. This figure pertains to a two-

step approximation in which the reaction zone is split into two parts, a fuel-consumption zone and

an oxidizer-consumption zone. The asymptotic analyses have addressed flame structures in two-

step, three-step, mad four-step approximations. Qualitative illustrations of resulting concentration

and temperature profiles in physical space are shown in figure 3, in which C2H2 is one representative

of numerous intermediate fuel species.
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Reduced Chemistry

Systematic reductions to four-step mechanisms for

C.H2_+2 + TH + [3-(n+ l +

alkanes result in the reduced chemistry

---, c,CO + _H2 + (n - e,)CO_, (7)

co + H2o : cos + H2, (8)

2H + M ---*H2 + M, (9)

02 + 3H2 : 2H + 2H_O. (10)

Equations (7), (8), (9), and (1 O)describe the fuel-consumption, water-gas shift (or CO-consumption),

radical-recombination, and oxygen-consumption (radical-production) steps, respectively, and they

proceed mainly at the rates of the elementary steps

C.H_,.,+2 + H --* C,.,H2,,+, + H2, (11)

CO + OH - C02 + H, (12)

H + 02 + M ---, H02 + M, (13)

H +O2 zOH +O, (14)

and

respectively. The values of the constants a, fl, and 7 in equation (7) depend on the chemical-kinetic

description of the fuel chemistry. Studies (refs. 3 and 4) have shown that theoretical predictions are

especially sensitive to the value of 7, the number of radicals destroyed for each fuel molecule that

is consumed. It may be expected that the larger 7 is, the lower will be the radical concentration

and the less robust the flame.

For methane (n = 1), the summation

CH4 + H ---* CH3 + H2

CII3 + O --* CH20 + H

CH20 + H -_ CHO + H2

CHO + M --+ CO + H + M

H+OH --+ O+H2

H + H20 --* O H + H_

CH4 + 2H + H20 --* C0+4H2

with the steps dictated by the need to cancel all steady-state species through their fastest reactions

results in a = 1,fl = 4, and 7 = 2. Even excluding the second of these steps by assuming

(erroneously) that 2CH3 + M ---* C2H6 + M is very fast and that ethane chemistry therefore

controls the fuel consumption gives only a = ½,_ = 3, and 7 = 1, that is, the number of radicals

consumed is decreased by just a factor of two. Consequently there is relatively little significant

uncertainty in step (7) for methane. However, for a larger alkane, such as heptane, there is a large

difference, depending on whether the fuel chemistry follows a propene path after step (11), namely,

C7 H15 -_ C H3 + 2Call6 (15)
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(overall), as proposed by Warnatz, or an ethene path,

C7H15 --* CH3 + 3C2H4 (16)

(overall) as favored by Dryer. The propene path gives a = 7,/3 - 20, and 7 = 10, while the ethene

path gives a - 4, t3 = 13, and 7 = 2, a factor of five difference in the number of radicals consumed.

This large factor turns out to have a large influence on the scalar dissipation at extinction because

the much greater extent of consumption of radicals by fuel in the propene path leads to extinction

much earlier. Since uncertainties in the detailed fuel chemistry of higher hydrocarbons do not

enable a selection to be made between the propene and ethene paths, for example, at present, it

is concluded that further study of elementary steps and mechanisms in alkane fuel chemistry is
needed.

In the present work (ref. 4) experimental results on extinction of burning heptane pools were

employed along with the asymptotic theory for the four-step description to infer what value of 7

is needed to best fit the data. In this manner, it was found that 7 -- 13 is close to the optimum

selection. This suggests that revisions in equations (15) or (16) or in the propene and ethene

consumption mechanisms are needed if agreement with extinction experiments is to be achieved.

Computations were made not only with the four-step mechanism but also with a three-step

mechanism, obtained from the four-step description by putting the H atom in steady state, and with

a two-step mechanism, obtained from the three-step description by imposing partial equilibrium

on step (8). There were large differences in the resulting predictions of heptane flame structures

and extinction, much larger than for methane. For example, differences in the scalar dissipation at

extinction exceeded a factor of ten, in contrast to being less than a factor of two for methane. It

is concluded that the higher hydrocarbons are more sensitive to the kinetic descriptions and that

therefore experiments on flame structures and extinction for these fuels may provide information

of greater relevance to the chemical kinetics.

Flame Structure and Extinction

In the two-step approximation, the structure is as illustrated in figure 2, with the fuel-consumption

zone thin compared with the oxygen-consumption zone, which in turn occupies an asymptotically

small range of Z. In the three-step approximation, nonequilibrium of step (8) occurs in a portion of

the oxygen-consumption zone adjacent to the fuel-consumption zone, provided that the DamkShler

number for this step is large enough, which it is for the propene path but not for the ethene path.

If the ethene path without modification is correct (which seems quite unlikely), then an alternative

analysis, paralleling that of Bui-Pham, Seshadri, and Williams for the premixed methane flame

with slow CO oxidation, will be needed, but it does not appear that the correct fuel chemistry for

a]kane diffusion flames will require this. In the four-step approximation, the thin fuel-consumption

zone itself has substructure. There are two limiting behaviors of this substructure, as illustrated in

figures 4 and 5. When H has a strong tendency to achieve steady state, as was found for methane,

there is a thin radical-consumption layer within the fuel-consumption layer, as illustrated in figure

4, where the nondimensional thickness of the fuel-consumption layer is 5, and the parameter p, (ref.

4) involving ratios of reaction rates in the rate-ratio asymptotic analysis (RRA) is large. When this

tendency is weak (# small), the situation illustrated in figure 5 occurs, in which there is a diffusion

flame between radicals and fuel within this inner layer - a diffusion flame within the diffusion flame.

The results (ref. 4) show heptane to lie strongly in this last regime (_a ---, 0).
Predictions of the location Z0 and outer-solution temperature T O of the inner fuel-consumption

zone are of interest. For heptane, contrary to the relative location illustrated in figure 2, the
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two-stepand three-stepdescriptionsgiveZ0 on the oxidizer side of Zc for most values of Xc, in

particular at extinction. This disagrees with experiment and also with the predictions of the four-

step mechanism, which place Z0 on the fuel side, a:s illustrated in figure 2, even at extinction. The

temperature T ° of this fuel-consumption zone also is more realistic with the four-step mechanism,

as illustrated in figure 6. Thus, in every respect, the four-step description is much better than

simpler descriptions for higher hydrocarbons.

From Xce, equation (5) is used to calculate extinction diameters. Results are shown in figures 7

and 8. Figure 7, for the propene route, clearly shows the large differences obtained with different

degrees of reduction of the chemistry. The most reasonable values probably are close to the two-

step prediction, fortuitously through cancellations of errors, but until heptane droplet extinction

is observed experimentally, this conclusion is not certain. If the four-step predictions in figure 7

are correct, then it is unlikely that droplet extinction can be observed experimentally, because the

droplets will become too small. If 7 = 13 in equation (7), then the four-step predictions fall much

closer to those shown for the two-step predictions. Comparison of the three-step results shown

in figure 8 for the propene and ethene routes shows the extremely large difference in extinction

diameters for these two descriptions (7 = 10 versus 7 = 2); calculations with two-step and four-

step chemistry for the ethene route gave essentially zero extinction diameters. It seems likely

that many more than two radicals are destroyed for each heptane molecule consumed, but further

chemical studies are needed to determine how many.

Future Plans

It is planned to investigate the fuel chemistry further, in an effort to determine better the values of

the parameters a,/3, and 7. It is also planned to initiate similar asymptotic analyses for alcohol fuel

droplets. Finally, microgravity experiments on alkane droplet extinction in different atmospheres

are planned, to test predictions.
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COMMENTS

Question (Ray Edelman, Rockwell International): I would expect burning rate and extinction, in particular,
would depend strongly on soot formation and the attendant radiation loss on reducing temperature. This

might be enhanced at high pressures. Could you comment 0n what your data shows and how you reconcile
this with your analyses? Do competing effects balance this with enhanced kinetics at increasing pressure?

Answer: Our studies are at normal atmospheric pressures and at reduced pressures, not at high pressures.
For our small single droplets under these conditions, radiant transfer associated with soot formation probably
is negligible. At high pressures it will become more important, but temperature reduction through radiant
energy loss still could be a perturbation because of the small size.
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COMPUTATIONAI.JEXPERIMENTAL STUDIES OF ISOLATED, SINGLE

COMPONENT DROPLET COMBUSTION

Frederick L. Dryer
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T 93-20213

Introduction

Isolated droplet combustion processes have been the subject of extensive experimental and theoretical investigations for nearly 40 years. The

gross features of droplet burning are qualitatively embodied by simple theories and are relatively well understood (e.g. ref. i). However, there

remain significant aspects of droplet burning, particularly its dynamics, for which additional basic knowledge is needed for thorough interpretations

and quantitative explanations of transient phenomena. Spherically.symmetric droplet combustion, which can only be approximated under conditions

of both low Reynolds and Grashof numbers, represents the simplest geometrical configuration in which to study the coupled chemicaFtransport

processes inherent within non-premixed flames. Microgravity droplet combustion can closely approximate these conditions, while also giving

insights as to how coupling of the above processes is affected by the absence of gravitatlona[ forces. Advances in both asymptotic and numerical

computational abilities allow more recent analyses of droplet burning to include considerably refined descriptions of the transport and chemical

effects, particularly if'the spherically symmetric assumption can be maintained. While such improvements in theory represent significant promise

for future advances, experimental data available for comparison with theory, without corrections for convective effects, remain relatively limited.

The research summarized here, concerns recent results on isolated, single component, droplet combustion under microgravity conditions, a program

pursued jointly with F.A. Williams of the University of California, San Diego. The overall program involves developing and applying

experimental methods to study the burning of isolated, single component droplets, in various atmospheres, primarily at atmospheric pressure and

below, in both drop towers and aboard space-based platforms such as the Space Shuttle or Space Station (e.g. refs. 2-4). Both computational

methods (e.g. ref. 5) and asymptotic methods, the latter pumued mainly at UCSD, (see preceding paper), arc used in developing the experimental

test matrix, in analyzing results, and for extending theoretical understanding. Methanol, and the normal alkanes, n-heptane, and n-decan¢, have

been selected as test fuels to study time-dependent droplet burning phenomena. The following sections summarize the Princeton efforts on this

program, describe work in progress, and briefly delineate future research directions.

Methanol

Methanol is thermophysically, thermochemically, and kinetically, the most well characterized of liquid fuels. Methanol buns diffusively without

the production of soot and a number of its combustion intermediates and products, notably water and formaldehyde, are highly soluble in the fuel

(refs. 2,7,8). As a result, spherically symmetric modeling of methanol droplet combustion is especially amenable to tlme-dependent, computational

studies which include detailed multi-component transport, thermo-chemistry, and chemical kinetics (ref. 6). Thus, methanol is an ideal fuel

selection for providing benchmark comparisons of theory and experiment.

Utilizing the Chemically Reacting Flow Model (CRFM) developed at Princeton (ref. 5), computational studies have been performed including

multi-component transport (ref.9), and detailed kinetics (ref. 10). Calculations were compared with experimental data generated in the 2.2 second

drop tower (ref. 6) and with ground-based laboratory experiments (refs. 2,8). Droplet gasification rate, flame position, and extinction were shown

to be affected by species absorption and dissolution into the liquid phase. The non-linear behavior of the square of the droplet diameter with time

and the extinction diameter calculated for the combustion of a methanol droplet in 50% helium/50% oxygen mixtures at atmospheric pressure

compare well with 2.2 second drop tower experiments. Calculated flame temperature profiles suggest temperature is an insensitive parameter

for experimentally defining flame position. However, experimental measurements of gas phase [OH], and [CH20] profiles would apparently

permit accurate determination of the oxidizer and fuel consumption regions (i.e. flame structure) as well as position.

Additional ground-based experimental and computational work is planned on both pure methanol and methanol-water droplets to further develop

fundamental understanding and a space-based test matrix. One-g suspended and free droplet studies have been performed at Princeton on

methanol-water mixtures which show interesting effects of initial water content on extinction diameter (refs. 2,7,8). Both 2.2 second and 5 second

tower studies are scheduled, pending availability of the NASA-Lewis 2.2 second drop-package and the refurbishment of the 5.0 second tower

facility. Computational development of full-flight and ground-test matrices for methanol droplet studies (similar to those described below for

n-heptane) require further refinement of the detailed chemistry utilized in the model (reg. 10), particularly its pressure-dependent characteristics.

Kinetic model refinements ate presently underway, based on other recently published studies (refs. 11-13), and a new variable preasure (1-15

arm.) flow reactor study recently concluded in the author's laboratory (ref. 14). Finally, a reduced mechanism for methanol diffusion flames

remains to be developed to assist in parallel asymptotic studies.

Normal Alkanes

Nonnal-heptane and n-deeane have been utilized in many prior droplet burning studies, both in earth's gravitational field (e.g. ref. 15) and in

droptuwers (e.g. ref. 16). Under microgravity droplet combustion conditions, both exhibit significant soot formation and accumulation (by
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thermophoresis) within the surrounding diffusion flame (mfs. 17,1g). The "sootshell" thus formed and the soot agglomerate densities within it

are strongly influenced by ambient pressure, oxygen indices, and diluent species (refs. 2,8), as well as by initial droplet size (ref. 19) and relative

gas/droplet convection (refs. g,18). Associated with the formation and presence of the sootshell, is a reduced droplet gasification rate that can

be as much as 40% lower than observed in early drop tower measurements at similar drop sizes (no sootshells present). The burning rate data

increase with measured relative gas/droplet convection rate (ref. Ig), and recent experiments (refs. 2,8) show that, contrary to classical theory, the

gasification rate is increased significantly by pressure reduction (through reduced sooting). No fundamental theory has been conclusively

established for these effects, but it has been suggeated that radiation losses from the _otsheil, changes in the temperature-avereged Iransport

properties, and changes in gas-phase volume flux due to soot formation are possible sources of effects which change both the surface gasification

rate and flame position (refs. 2,18).

Over some ranges of experimentsl parameters, droplet disruption and dismemberment is also observed to occur early in the droplet burning history

(refs. g, 17,18), while over other ranges of conditions, droplet extinction is observed to occur. Speculations for the mechanisms which produce

disruption are: deposition of high-molecular-weight toot precmsor intermediate* in the liquid phase, resulting in multi-compommt droplet

gasification behavior (ref. 17); collapse of the diffusion flame structure into the soot shell, causing intense disturbances from the soot shell

ignition.; soot deposition at the liquid surface, and critical electrostatic charge accumulation in the soot shell and/or droplet surface (refs. 2,8).

Recent experiments at one-g suggest that deposition of high molecular weight components is insignificant (tel'. 2,8), and a clear explanation of

the disruption phenomena remains to be established.

Unfortunately, thennophysical, thermochemical, and chemical kinetic properties for thee a_ are not very well defined (ref. 2). Experimental

values of thermophysicai parameters have been determined only at low temperatures, and theoretical evaluations based on ideal gas properties

to guide extrapolations to flame temperatures are in SignifiCant disagreement(_ 2)._ _i_r_ntiy_ith_ta!le _ klne_c mechanisma for large

alkanes are only qualitatively understood (ref. 20). A 96 step k--mi-empirical mechanism has been proposed by Warnstz for predicting laminar

pre-mixed flame propagation (ref. 21) for n-heptsne-air flames, and this wo_has formed the basis for several studies on diffusion flames and

reduced model development (refs. 4,22). The principal empiricism is the description of n-bepty I radical decomposition into the un_iy products

of CH_ + 2 C3H, (in fixed ratio) rather than the expected mixture of 13-sciasion products, C2Ho C:Hs, CjH_ C4H,, CH_, and CsHt, (ref. 20), which

are, in ract. evidenced in n-heptane-alr diffusion flame structures (ref. 23) an_d fl0 w rea_ors (_f. 24). Mo_ complex detailed kinetic mechanisms

have been developed for autoignition studies in engines (up to 5000 reaction steps), but these mechanism involve considerable uncertainty and

low and intermediate oxidation chemistry of little relevance in......diffusion flames. However, as a means of developing ground- and _pace-based

experimental test matrices, initial Computations have been performed using th_i.C_M and tw o step semi_ _tapir!cat,cries with reversal e CO/CO 2

chemistry (refs. 3,4,8). Numerical constants in the kinetic mechanism were adjusted to reproduce suspended droplet extinction diameter data (ref.

25) of n-heptane at low pressure (no soot formation), and calculations were performed to determine the burning characteri_cl of isolated

n-heptane droplets under various ambient pressures, oxygen indices, diluents (nitrogen, helium), and initial diameten.

Figure 1 is typical of results from parametric calculations in which the ignition energy (magnitude) and (spatial) deposition parameters were varied

for droplet burning in helium (refs. 3,4,8). The displayed function represents the minimum droplet size for which any amount of ignition energy

specified would not produce ignition. At this droplet size, transport to the ambient and vaporization removed ignition energy from flammable

regions at a rate more rapid than the chemical heat release rates anywhere surrounding the droplet region. As the critical ignition diameter

increases, the amount of energy required to achieve ignition also increases. At the maximum critical ignition diameters displayed in the figures,

no ignition energy, could be found which would initiate droplet combustion. Experimentally, the critical ignition diameter must be large in

comparison to the calculated extinction diameter. (Critical ignition energy predictions are unique to time-dependent computafiom.) Figure 2

displays calculated extinction diameter as a function of ambient pressure and oxygen index in helium diluent (refs. 3,4,8). Extinction diameter

increases with decreasing pressure and with substitution of helium for nitrogen, i.e. by increasing the diffusivity relative to chemkal kinetic

conditions. Calculated results are similar to values (within 20%) from asymptotic analyses with 2-step (propene intermed!ate) reduced chemistry

(see preceding paper, this workshop and refs. 3,4,8). Combined with the characteristic times required for various experimental procedures (e.g.,

droplet growth and deployment), and combustion properties (e.g. controlled sooting by selection of appropriate preset, dilu_t, and oxygen

indices) a test matrix envelope have been developed for proposing ground- and space-based microgravity experiments, e.g. Fig. 3 (Refs. 3,4,8).

As noted above, soot formation and accumulation effects are important factors in determining the burning characteristics of droplets. No

theoretical model presently exists which explicitly includes sooting. Previous investigations have addressed the formation of the motsheli by

balancing thermophoretic and viscous drag forces acting on a soot particle (refs. 26,17). However, the lack of detailed information regarding the

distrihution of the gas-phase Iranspo_ and thermophysical properties prevented accurate determination of the sootsheil position. Using the

simplified chemistry for n-heptane described above (with no soot formation mechanism included) and temperature-dependent thermophysical

properties, the CRFM model was used to estimate these parameters by calculating the transient gas-phase field distributions between the droplet

surface and the flame location (re/'. 8).

On¢¢ formed inthe diffusion flame region, soot particles are acted upon by viscous drag (caused by Stefan flow), diffusion and th_h0resis,

i.e. particle transport caused by a temperature gradient in the surrounding gas-phase (ref. 27). Because the sootsbell location is much closer to

the droplet surface than the flame and mass diffusion should be important only near the flame where the concenlratinn gradients am large, this

mode Of particle transport can he neglected. Waldman and Schmidt (ref. 2g) analyzed the viscous drag and thermophoretlc forc e acting on a small

spherical particle by calculating the momentum transferred per unit time to the particle by gas molecule collisions. The resulting force equation,

solved at equilibrium, gives the thermopboretic flux. pV,, as

at

p v, 4{t+=_)r .Kr) (_n. l)
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where p is the gas density, V, is the relative velocity experienced by the particle, _t is the viscosity, and ct is the thermal accommodation factor

which is usually assigned a value of 0.9. Note that thermophorelic flux is independent of particle size for sizes on the order of incipient soot

particles (ref. 29), i.e. for particles that are much smaller than the mean free path. For conditions under which soot agglomeration is prevalent,

mean particle size may become much larger than the mean free path. The thermophoretic flux formulation is then defined as (ref. 27):

2 dT
-2_. op-_

where L and _ are the thermal conductivities of the gas and the particle. The term, _, is a dimensionless constant that relates the slip velocity

at the particle surface and the gas-phase temperature gradient, usually assigned a value of 0.2. The thermal conductivity of soot particles was

estimated from the temperature-dependent values for amorphous carbon (rer 30).

When the surrounding gas-phase produces a Stefan flux, pV, equal to pV,, the forces acting on the particle will be counter-balanced and the

particles will accumulate to form the sootshell. Figure 4 displays the modeling results for the Stefan, the small-particle thermophoretic [denoted

as SPT, Eqn. 11 and the large-particle thermophoretic [denoted as LPT, Eqn. 2] velocities, plotted versus normalized radius (divided by

instantaneous droplet radius) for n-heptane burning in atmospheric pressure air. The time-dependence of mass gasification rate, droplet and flame

dimensions and the temperature gradients will cause changes in these profiles. The results presented in Fig. 5 are typical of those produced under

the quasi-steady burning conditions. The Stefan velocity near the droplet surface is observed to increase with radial position to a maximum near

r/to = 1.5 and then decrease monotonically. Similar behavior is also observed for the SPT velocity, which matches the Stefan velocity at a

normalized radius of 5.5. Considering that the calculated flame standoff ratio is 10 (in comparison to about g experimentally), this prediction

is quite reasonable. The principal source of the disparity is that the calculated gasification rates are approximately 36% higher than the values

measured for the most quiescent n-heptane droplet combustion experiments. Under sooting conditions, the portions of the gasified fuel which forms

soot also possess negligible specific volume when compared to that of the gaseous species, which reduces the flame stand-offratio. Scaling of

the Stefan flux by the ratio of the experimental and calculated gasification rates and incorporating the flame contraction effects by reducing the

distance between all calculated node locations by a factor of

calculations were performed for each droplet combustion time step to determine the location of the Stefan/thermophoretic flux equilibrium. The

model-generated soot standoffratios compare favorably with experimentally measured values (within 10%), see Fig. 5. Similar model calculations

were also performed for droplet combustion in higher oxygen indices. For the 30%, 40% and 50% oxygen concentrations in nitrogen, the

calculated soot standoff ratios were reduced to 2.65, 2.54 and 2.46, respectively (compared to measured ratios at 40% and 50% oxygen of

approximately 2.2). Similar reductions for increasing oxygen indices have also been reported in ref. 31. For all oxygen concentrations, the

calculated Stefan velocities were larger in magnitude than the minimum convective velocities required for equilibrium between viscous drag and

LPT forces (within region bounded by droplet surface and flame front). This suggests that when larger soot agglomerates form, they should be

transported towards the flame and eventually pass through it. This behavior was, in fact, observed in experiments at high oxygen/nitrogen ratios

(> 0.4) for both n-decane and n-beptane fuel droplets.

It appears that thermophoretic effects are unlikely to lead to soot particle deposition on the liquid surface (speculated to lead to disruption) since

viscous drag dominates very near the droplet surface. The flame would need to regress toward the droplet for a force imbalance to favor

thermophorelic soot deposition. Regression of the flame through any part of the soot shell would expose the nascent soot particles to oxygen

and lead to violent ignition processes in the gas phase surrounding the droplet. More refined analyses which explicitly include sooting effects

will be needed to fully understand the mechanism(s) which result in reduced gasification rates and disruption. Areas of continuing interest also

include the analysis of the internal circulation likely introduced by the experimental droplet deployment mechanism, and the small, but finite

relative gas-droplet motions produced by all known techniques for droplet deployment and ignition. Improved experimental methods to

characterize these attributes, and means to include their effects (as well as those of sooting) in the theoretical analyses, are presently being pursued.

Recently, we have incorporated the 96 step mechanism of Wamatz (tee 21) in CRFM, along with multi-component transport to investigate

unsteady burning behavior of n-heptane droplets, such as droplet heating before and after ignition, variation of the gasification rate and flame

standoff ratio under limiting conditions of no droplet heating (infinitesimal heat capacity), conduction-limited healing, and infinite internal heat

conduction (rapid liquid mixing). Time dependent calculations were performed for a I mm n-heptane droplet burning in ambient air. An initial

vaporization period, followed by ignition by imposition of a spherically symmetric hot shell were studied. Initially, the no-droplet heating

configuration was studied to investigate non-steady burning characteristics, and then more realistic liquid-phase heat transfer conditions were

included. Species profiles are shown for quasi-steady burning in Fig. 6.

The model simulations suggest thal the calculated flame stand-off ratio continuously increases even after the gasification rate reaches 99% of the

quasi-steady value (for times t/t b > 0.1, h, = total burning time), see Fig 7. This unsteadiness has been previously suggested to be due to fuel vapor

accumulation effects between the droplet surface and the flame (rer 32). tlowever, after t/tb> 0.1, the rate of fuel accumulation is near zero and

eventually becomes negative due 1o droplet regression and flame contraction. The initial droplet heating period is strongly influenced by internal

circulation. However, afier initial transient period, the flame stand-offratio, the gasification rate, the gas i.hase temperature and species profiles

are not affected by the liquid phase heat transfer mechanism, even though the internal droplet temperature distribution may continue to change
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(Fig. 8). Flame unsteadiness, is apparently also not related to internal droplet heating and appears to result primarily from a purely transient

phenomenon associated with diffusion flame structural changes and the resulting changes in transport properties in the vicinity of the droplet.

Further calculations to study the effects of the Warnatz mechanism on extinction diameter predictions are underway.

Future Work

In the near term, areas of theoretical interest include: improvement of the chemical models utilized for both computational and asymptotic

approaches, improvement in understanding the effects of soot on droplet burning phenomena, and consideration of the low relative gas/droplet

convection (which is inherent in droplet generation, deployment, and ignition), and assessing the effects of internal circulation induced by growth,

deployment and ignition methods. Experimentally, additional efforts are underway to further reduce perturbations caused by droplet deployment

and ignition methods, and to qualitatively image some of the flame species profiles, specifically, OH. Finally, the thermo-chemical and chemical

kinetic foundations for n-heptane combustion need further improvement. As part of another study on autoignition chemistry of internal spark

ignition fuels (e.g., see ref. 24), the author's laboratory is developing a homogenous kinetic experimental database on n-heptane oxidation which

will be useful in improving and validating a more appropriate chemical mechanism for future use.
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Introduction

The combustion of liquid fuels is a topic worthy of scientific attention on practical and fundamental grounds. Most
practical applications of liquid-fuel combustion involve the formation of spray diffusion flames, where droplets frequently
burn in groups rather than individually. The combustion is typically complex, with interactions occurring between various
physical mechanisms.

Many efforts to understand liquid sprays have focused upon studying isolated droplets. Information gained from these
studies is often not directly transferable to spray situations. However, isolated-droplet studies are useful in that they allow
certain phenomena (e.g., extinction) to be studied under well-controlled and simplified conditions. When theory and
experiment agree for simplified situations, predictions for more complex eases (where acettrate experimental data may not
exist) may be made with more confidence. The simplest droplet combustion scenario is that of an isolated droplet
undergoing spherically-symmetric combustion in an environment of infinite extent. This idealization is approached only
when forced and buoyant convection are negligible, the droplet is unsupported, and all foreign objects are far-removed from
the combustion zone. Appreciable gravity levels compromise spherical symmetry by inducing buoyant convection.

In practice, liquid fuels are usually multicomponent. It is important to understand the vaporization mechanisms of
multicomponent fuels, especially the rates that fuel components with differing properties are vaporized from the liquid
phase. This is because gas-phase phenomena depend on the components that have been vaporized, while liquid-phase
phenomena depend on the components remaining in the liquid. The simplest multicomponent fuels are (arguably) binary
and miscible. Studying binary miscible fuels is useful because they exhibit phenomena which do not appear with pure fuels
but which are characteristic of multicomponent blends, for example influences of volatility differences and liquid-phase
species diffusion. 3

Though small droplets are of practical concern (e.g., < 50 I.tm as found in some spray systems), it is difficult to performed
detailed experiments with them. This is because small droplets are difficult to deploy and ignite without significant
perturbations, and they may be difficult to resolve photographically. Hence, most detailed investigations into single-
droplet combustion have focused upon larger droplets which are easily observed. In this program, reduced-gravity
combustion behaviors of miscible binary droplets initially about I mm in diameter are studied. Gravity levels significantly
less than 10 .3 g's are required to make buoyancy effects negligible for these size droplets.

Vaporization histories of binary miscible droplets may be significantly different than for pure fuels. When there is a
significant volatility difference between droplet components and the lower-volatility component is initially present in
small amounts, binary droplets may exhibit a two-staged combustion history where two periods of nearly d-square-law
combustion (i.e., where the square of the droplet diameter decreases linearly with time) are separated by an intermediate
period where vaporization rates are low and flame diameters decrease significantly. These behaviors are thought to be a
result of a sudden buildup of the lower-volatility component at the droplet surface [1,2], necessitating a sudden increase in
the droplet surface temperature. While the droplet is heating, the flame contracts because more of the energy transported to

1Assistant Professor.

2Graduate Research Assistant.

3Exceptions do exist for initially-pure fuels. For example methanol droplets may absorb water from the gas phase.
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the liquid is used for heating rather than simply for vaporization. Asymptotic analyses of these phenomena are reported in

[2]. During the first period of d-square-law vaporization, most of the fuel being vaporized is the higher-volatility

component, while during the second d-square-law vaporization period, if liquid-phase species diffusivities are sufficiently

smaU, both liquid components are vaporized at rates that are nearly proportional to their average liquid mass fractions [3].
This mode of combustion, where both liquid components are vaporized at rates that are nearly proportional to their average

liquid mass fractions, may be termed the diffusion limit. Recent experiments [4] have suggested that liquid-phase species

diffusion may be more rapid than previously thought such that liquid-phase behaviors are intermediate between the diffusion
limit and the batch distillation mode. The experiments in Ref. [4] were performed in normal earth gravity and with

convective environments, so it is possible that convection may have played a role in promoting liquid-phase transport.

For binary mixture droplets undergoing combustion, the surface concentration of the lower volatility component will
generaJly tend to increase with time. Because liquid species diffusion is typically slow relative to droplet surface regression
rates, chemical stratification may occur in the droplet such that the droplet interior has a higher mass fraction of high-

volatility component than the droplet surface. During combustion, the temperature at the droplet surface will tend to

approach the boiling temperature of the liquid surface mixture. Since Lewis numbers for liquids are typically large relative
to unity, the droplet interior may be heated above temperatures required for bubble nucleation and growth. As a result, a

bubble may grow and eventually fragment a droplet (the droplet may experience a "disruption" or "microexpiosion'). These
phenomena have been observed in normal-gravity experiments for multicomponent mixtures [1,5-7]. Disruption has also
been observed in reduced-gravity experiments on combustion of unsupported droplets initially composed only of n-decane

[8]; similar disruptions of n-decane under normal-gravity conditions appear not to have been reported in the literature. The
mechanism behind disruption of n-decane droplets in reduced gravity has not yet been clearly identified, though it has been

postulated that disruption may be related to sooting behavior [2,8].

Experiments in reduced gravity should yield insights into the efficiency of liquid-phase species diffusion, since this

diffusion may markedly influence combustion behaviors, as described above for the two-staged combustion behaviors. By
noting times for flame contraction to occur with mixtures that exhibit two-staged combustion behaviors, calculations for
effective liquid-phase species diffusivities may be made (e.g., with the asymptotic theory in [2], or with numerical models).

Finally, sooting behavior may be significantly different during the two d2-1aw periods since gas-phase compositions may
differ significantly. Differences in sooting may be observable photographically by noting behaviors of apparent flame
luminosities and soot particles large enough to be observed.

Scientific Objectives

This research focuses on the combustion of binary miscible droplets. Experiments are performed at the NASA Lewis 2.2 sec

drop tower in Cleveland, Ohio. Mixtures of n-heptane and n-hexadecane are presently being studied, providing significant

variations in component volatilities. The objectives are to gather data on the following:

(1) Transient droplet diameters (including two-staged combustion behaviors and disruption).

(2) Transient flame behaviors (including sudden flame contraction as discussed above, and extinction).

(3) Transport of observable soot particles.

Obtaining these data will be useful in several respects. Knowledge of transient droplet and flame diameters will provide an

experimental base from which comparisons between theory and experiment may be made. Working with droplets composed
of high-volatility and a low-volatility components, with the latter initially present in small amounts relative to the former,

should allow the sudden-flame-contraction behaviors discussed previously to be observed. By noting times for sudden-

flame contraction to occur, estimates of liquid-phase species diffusivities may be made. These data will also be useful for

development and validation of detailed numerical models.

Work Performed To Date

Digital Image Processing System - A Sun workstation-based digital image processing system has been developed and
constructed for analysis of cine films from drop tower experiments. Basic concepts for this system were obtained from

Ref. [9], where a PC-based digital image processing system is described. Software for the Sun-based system has been

developed with the assistance of Virtual Visions Software 4.

4Address: 408 Mountain Laurel Court, Mountain View, CA 94043.
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Drop Tower Experiments - During the summer of 1992, experiments with n-heptane/n-hexadecane mixture dropletswere

performed at the NASA Lewis Research Center 2.2 sec drop tower. An existingdropletcombustion apparatusavailableat

NASA Lewis was used fortheseexperiments;thisapparatusisdescribedelsewhere[10]. Experiments were attemptedboth

with and without a ceramic support fiber(-_10 _m diameter) being present. The ceramic fiberwas utilizedto prevent

significantdropletdriftafterdeployment. The fiberassembly used in the present experiments was developed by D.

Dietrich5. Twenty-two experiments were performed, both with and without the fiber. Initialdroplet compositions,

environmental compositions, and pressures were varied in the experiments. Four experiments were successful,with

dropletsthathad low deployment velocities(a few mm/s or less).The other experiments were unsuccessfulfor various

reasons, the most common of which was largeresidualdeployment velocitiesthatcaused dropletsto quickly leave the
camera fieldof view, even when thefiberwas used.

The four successful experiments all utilized the support fiber - data was not obtained for unsupported droplets. Droplets in

the successful experiments were burned in air at 1 arm, and involved using initial droplet hexadecane mass fractions of 0,

20, 40 and 60%. In the experiments, two cine cameras with orthogonal fields of view were used to simultaneously record

liquid droplet and flame behaviors. Photography of liquid droplets involved backlighting, while flames were

photographed without back.lighting.

Preliminary analyses of the cine films have been performed with the workstation-based image processing system.

Further processing is needed to complete analysis of these films. The image processing system was used to measure

droplet diameter histories from the four films, as well as the flame diameter history for one film. Shown in Fig 1. are

plots of the squares of the droplet diameters (d 2) vs. time for the four successful experiments. Data are plotted for the time

period from spark ignition until the droplets either became too small to image or the drop package hit the bottom of the

drop tower. The percentages listed are the initial hexadecane liquid mass fractions. After decay of initial transients,

droplet diameter histories appear to show regions where the d-square-law approximately holds. Only the experiment with

a 20% hexadecane initial mass fraction appears to clearly show a plateau in the d 2 vs. time plot, indicative of droplet

heating. Cine films of the flame behavior for this experiment show the flame to grow, contract, and then grow again

over a time period near when the plateau in the d 2 plot in Fig. i appears. A sequence of three pictures showing the flame

behavior over this time period is shown in Fig. 2. Times in this figure are after ignition, and show the flame prior to

contraction, after the flame has contracted (the flame was very dim during this time), and later when it begins to grow in

size again. Squares of measured droplet and flame diameters for this experiment are shown in Fig. 3, where it is seen that
the onset of flame contraction occurs just prior to the onset of the plateau in the droplet diameter history. Flame

diameters in Fig. 3 were measured perpendicular to the fiber.

In the films, it was evident that the fiber was influencing combustion to some extent. For example, soot particles large

enough to be seen were sometimes observed to migrate to the fiber and accumulate there. The flames in Fig. 2 are

elongated along the fiber, suggesting an influence of the fiber. Shown in Fig. 4. is an image of a droplet, initially 60%

hexadecane, 0.39 see after ignition. The observable soot "shell" is not spherical, though it does appear to be somewhat

symmetric about the support fiber axis. In the cine film, soot can be seen to accumulate at the fiber as time progresses.

Glowing of support fibers in the hotter portions of the flames was also observed. This is evident in Fig. 2, where the

bright, horizontal streaks in each image are actually the glowing fiber, llow the radiative heat loss associated with this

glowing affects combustion has not yet been evaluated.

Cine films of combustion of a droplet composed initially of 100% n-heptane showed evidence of what appears to be a

microexplosion. A sequence of images showing the flame behavior just prior to, during, and after the microexplosion are

shown in Fig. 5. This event appears to have caused the droplet to have lost an appreciable amount of mass in a short time

period, as is evident in the d 2 plot of Fig. 1 by the "kink" in the data that appears between about 0.3 and 0.4 sec.

Future plans

Design and Construction of Droplet Combustion Apparatus - A droplet combustion apparatus for use in the NASA Lewis 2.2

sec drop tower is being developed and constructed at UC Davis. This apparatus is projected to be ready for use in late fall
1992. To improve experiment success rates, improvements will be incorporated. For example, it is difficult with the

apparatus presently available at NASA Lewis to accurately set the deployment needles and ignition electrodes to desired

tolerances, resulting in many failed experiments because of bad droplet deployment or ignition. The new apparatus will

incorporate positioning equipment that should allow accurate and repeatable placement of ignition electrodes and

deployment needles prior to each experiment. Efforts will also be directed at providing suitably-matched pairs of droplet

deployment needles.

5Current Address: Sverdrup Technology, Inc., 2001 Aerospace Parkway, Brookpark, Ohio 44142.
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The new apparatus being constructed is projected to use scanner motor technology previously applied in older versions of
the apparatus (for droplet deployment, scanner motors were used to simultaneously retract two opposed deployment
needles between which droplets were grown [10]). Preliminary tests by NASA Lewis personnel have suggested that the

use of DC motors with retraction speeds significantiy higher than scanner motors may result in very small residual
droplet deployment velocities and significantly higher experiment success rates. This DC motor technology, still under

development, will be considered for use in the apparatus being built at UC Davis.

Drop Tower Experiments - The UC Davis drop apparatus will be used for more experiments with n-heptane/n-hexadecane
mixtures. Experiments will be done with different initial environmental compositions and pressures. Initial oxygen
mole fractions from about 0.1 to 0.5 and initial pressures from 0.5 to 2 atm will be used. Different inerts will be used in

the gas phase to enhance or inhibit certain phenomena. For example, He may be used to increase average gas phase

transport properties, promoting extinction and higher burning rates [11], while CO 2 may possibly be used to inhibit

soot formation [12].

It may be important to inhibit soot formation in these experiments. Flame contractions and droplet disruptions have
previously been observed for n-decane droplets burning in low-gravity environments [8], as well as the n-heptane droplet

described above. These behaviors, which were unexpected for single component fuels, have been postulated to result
from sooting effects [2,8]. If this is correct, flame contractions and droplet disruptions arising from surface buildup of
the less volatile component in a binary fuel droplet may be influenced to an unknown extent by sooting, making

interpretation of experimental results difficult. Experiments will be performed to search for conditions where sooting

appears to influence combustion negligibly. Alcohol mixtures (which should tend to soot less than hydrocarbons) may

also be used, though alcohols may absorb water into the liquid phase.

Image Processing System - Films are currently processed manually with the image processing system. Th.-. image

processing system will be automated to allow a large number of frames to be rapidly processed from each film strip. In

addition, data is presently taken from films by manually setting a threshold corresponding to the perceived droplet

diameter. Edge detection algorithms will be incorporated into the image processing program, allowing more repeatable

and accurate measurement of droplet diameters.

Computational Modeling - Efforts to provide numerical data for comparison with experimenta_ results have been initiated.

Professor tt. A. Dwyer of UC Davis is the principal architect of the models presently being utilized. Briefly, the models

assume that spherical symmetry exists in the gas and liquid phases. The governing equations are cast in a f'mite-volume

form, and solved numerically for transient liquid- and gas-phase variables. Variable properties in both the liquid and gas

phases are allowed. Complex chemical kinetics in the gas phase can be modeled, as well as global one-step reaction
schemes. Initial results from this model were not available at the time this paper was written, but are expected to be

available in the near future. Calculations are performed using the Sun workstation also used for image processing.

Other - To aid interpretation of experimental efforts, studies of allowable acceleration levels and durations will be

performed. Issues such as droplet oscillation amplitudes, oscillation decay times, pre-ignition vaporization, etc., will be

considered. In addition to being relevant to drop tower experiments, such studies will be germane to possible future

flight experiments involving droplet combustion.
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Figure i.--Plots of squares of measured droplet diameters vs. time.
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Figure 2.--Sequence of images showing flame contraction and growth for a droplet composed initially of 20% n-hexadecane
and 80% n-heptane. Times are after the ignidon spark. Visible flame diameters (measured perpendicular to the fiber) for

this droplet are plotted in Fig. 3.

See Color Plate G2A
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Figure 4.-Image of a droplet (initially 60%

n-hexadecane and 40% n-heptane) showing

the support fiber and the soot "shell'.

The droplet diameter is about 1.07 ram.
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Figure 5.--Sequence of images showinz tiae flame behavior just prior to. during and after what appears to be disruption of a

droplet initially composed only of n-heptane. Times are after the ignition spark. For a scale reference, the visible

flame diameter at 0.324 sec is about 4.7 mm cmeasured perpendicular to the fiber).

See Color Plate G2b
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Introduction

Depending on the surrounding flow and thermodynamic conditions, a single droplet may experience several

gasification regimes, rangang from the envelope flame regime to pure vaporization. In practical situations, such

as rocket propulsion or diesel combustion, the size distribution of droplets is, at best, bimodal, so that the

possibility, e.vasts for the simultaneous presence of various regimes. For example, very small droplets are

transported by the gas phase x_ith zero relative velocity. This picture validates then the spherical symmetry

hypothesis applied to the droplet and to the diffusion flame enveloping it. On the other hand, for larger

droplets, a relame velocit)' exists due to drag forces. The most important influence of forced convection on

droplet burning is the possibility to extinguish globally the envelope flame, or to establish a flame stabilized in

the wake regnon. The burmng rates of these regimes differ strongly. The characteristic time of droplet

gasification is also influenced by the surrounding pressure and temperature. A parametric investigation of

single droplet burrung regimes is then helpful in providing the necessary physical ideas for sub-grid models

used in spray combustion numerical prediction codes.

"I:'he CNRS-LCSR expenmental program on droplet vaporization and burning deals with these various regimes:

stagnant and convecuve monocomponent droplet burmng (refs. 1 and 2), convective mono and bicomponent

droplet vaporization (refs. 3 and 4); high temperature convecuve mono and bicomponent droplet vaporization

(ref. 5): burning regimes of hydrazine and hydrox'yl-ammonium-niuate based monopropellant droplets and the

vaporization regunes of liquid oxygen droplets. Studies on interacting droplets and on liquid aluminium

droplets will start in the near future. The influence of high pressure is a common feature of all these studies.

This paper summarizes the status of the CNRS-LCSR program on the effects of high pressure on

monocomponem single droplet burning and vaporization, and some recent results obtained under norma I and
reduced gravity conditions with suspended droplets are presented. In the work described here. parabolic flights
of an aircraft is used to create a reduced gravity environment of the order of 10 .2 g.

DescriDtion of the e.x_rimental techniques

The High Pressure Droplet Burning Facility

Droplet burning experiments under stagnant and variable pressure conditions are performed in a specially

designed facilit3" : High Pressure Droplet Burning Facili .ty (HP-DBF). The HP-DBF is designed to investigate
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the gasification regimes of suspended or free-floating droplets under variable pressure conditions, up to 12
MPa. Low pressure droplet burning experiments can also be realized (refs. 6. 7 and 8). HP-DBF can be used
during the parabolic flights of an aircraft. This apparatus is articulated around a cylindrical combustion
chamber of l I litres capaci_.,, made of an aluminium alloy (AU4G). and mounted on a support structure with a

control panel. Two circular flanges are mounted on the two sidewalls of the octogonally shaped external faces
of the chamber. Ten identical openings are positioned on the chamber: two openings on the sidewalls to
support the droplet injecuon and ignition sYstems, and eight along the__mgonal perimeter. Two injection
needles are positioned face to face and are connected to an electrical pump, allowing the injection of a fuel
amount of 0.5 microliter_min. A droplet is formed between the two retractable injectors. A tiltable
(d -- 0.2 mml quartz fibre, mounted on the upper chamber wall. can be positioned between the two needles to
hold the droplet in the case of suspended droplet experiments. Depending on the droplet burning experiment
.type,various ignition _stems are used. During normal pressure experiments, the droplet is ignited by one pair
of electrodes mounted around one injection needle. The ignition spark is produced by a high tension (10 kV)
solenoid under 24 V DC. For high pressure droplet burning experiments, an improved version of the injection

system and a heated coil for ignition are used. The sequence of injection and ignition operations is computer
controlled

Diagnostics

The principle diagnosuc s3.stems we are using are based on the visualization of the droplet vaporization or
burning phenomena. For droplet burning experiments, the recording equipment is composed of two systems. A
high speed x_ideocamera. Kodak-Ektapro 1000, which can record up to 1000 full frames per second, allows
detailed analysis of droplet burrung. The Ektapro 1000 Motion Analyzer's live. real-time viewing makes

possible to follow the investigated phenomena frame per frame. A standard _-ideo camera. Sony 8 mm PAL. is
used to record the droplet and the flame in true colours, but only at 25 frames per second. A second camera has
been added to the Kodak-Ektapro 1000 system, in order to be able to observe simultaneously the droplet and

the flame x_sth respective appropriate magnification rates. The digitized images from the Ektapro system are
transferred to a trucrocomputer where the image analyses are performed. Details of the image analysis are fully
documented in ref. 6.

For droplet vaporization experiments a different imaging system is used. It is composed of a camera, a data
acquisition Interface. a time base corrector, a micro-computer, and a TV monitor. The camera is

,.6 grey levels and a CCD mamx of 512 x 512 pixels. It is equipped with anmonochromatic and has _
electronic shutter with a ma.,omum rate of 1/10000. The camera optics proxsdes a ma.ximum magnification rate

of 80. The image digitization is done through of a MATROX PIP 1024 interface ¢vtdeo memory I Mo ) which
allows the digitizauon of an image of 1024 x 1024 or four images of 512 x 512. A digital time corrector with
I ms resolution is added. The digitization rate is 50 Hz. Each pixel is coded on 8 bits. that is 256 levels of
grey. The nucrocomputer has a I486DX 33 MHz processor, a hard disk of 200 Mo. 4 Mo of memory, and a
S-VGA screen.

Suspended droplets are backlighted: this provides the necessary contrast for direct threshold definition. The
time to extract the droplet contour is less then 1/50 s to allow the maximum image acquisition rate (50 Hz).
The droplet contour determination is based on dichotomic point research methodology. To optimize the speed
of frame grabbing and the size of the image data, we have chosen to take only eighty points along the contour.
These data are simultaneously memory, saved and displayed on the screen. At the end of the acquisition (750
frames) the complete data sets are transferred to the hard disk. The data analysis consists in calculating the
surface area from the contour points and to obtain the droplet equivalent diameter. The droplet diameter and

its corresponding time are saved in a synthesized file. The major advantage of the method is its well defined
time resolution, characterized by the impressive number of pictures taken into account during a droplet

lifetime.
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Results and discussion

High pressure low temperature vaporization experiments

Preliminary experiments have been conducted under normal gravity, conditions to deterrmne the influence of

ambient pressure on the vaporization of n-heptane and methanol droplets in air at 300 K (or Tr = T/Tc = 0.56

and 0.59 respectively). The maximum reduced pressure Pr = P/Pc was 3.6 for heptane and 1. 2 for methanol.

Droplet initial diameters were between 1 mm and 1.5 mm. The vanation _ith time of (d/do) 2 for n-heptane

droplets is shown on Fig. 1. These curves are used to determine an average vaporization constant. Kav. The

variation of Kay _lth P/Pc is sho_ on Fig. 2. Kay decreases strongly for P/Pc < 1 and shows a weakly

increasing behaviour for P/Pc > 1. The decrease of Kay for P/Pc < 1 can be explained by the increased ambient

gas density which delays the build up of the fuel vapour concentration profile near the droplet surface and its

further diffusion into the ambience. The decrease of Kav in the subcriticai pressure regime is confirmed by

methanol droplet vaporization ex-penments (Fig. 2). They. also show another phenomenon for moderate

pressures. The data for pure methanol for P = 0 1 MPa indicates a sequenual vaporization behaviour (Fig 3).

This behaviour is no more observed for approximately P/Pc > 0.3. The sequential vaporization behaviour of

methanol droplets for moderate pressures is to be compared with the observations of refs. 9 and 10. The curves

of d2(t) are also used to determine the instantaneous vaporization rates (Figs. 4a and 4b). For heptane droplets.

the largest variation Is observed for the atmospheric pressure case. For increasing pressures. K(t) increases
during the last quarter of the vaponzauon lifetime, which may well be an artefact of the influence of the

suspensmn fibre. Except the moderate pressure experiments. K(t) for methanol droplets sho_vs the same

behaviour. A quasi-steady state process can thus be assumed to characterize high pressure vaporization of

n-heptane and methanol droplets in room temperature air.

High pressure droplet burning expemments

High pressure burrung ex'periments have been conducted with n-heptane and methanol droplets. The

experiments with n-heptane droplets were conducted under reduced graxaty conditions only up to a maximum

pressure of 0.65 MPa. With increasing pressure, they. show (ref. I0) a gradual increase of the average burning

rate and an increasing non-stationary behaviour of the instantaneous burning rate. n-heptane burning droplet

experiments have been continued for tugher pressures under normal gravir). Contrary to the results of ref. 11.

_he vamshmg surface tension prevemecl to increase the pressure above 1.8 MPa. The increased soot formation

also prevented the determination of the instantaneous droplet diameter. ,an average burning rate is _hen
determined by' assuming the d 2 [a_ and by using the duration of the flame lununosity as the burnout time. The

results arc presented on Fig. 5 _ith error estimate margins. The reduced graxaty results are clearly lower than

the corresponding normal gray,t3 resaflts. The vanation with pressure of the average burning rate in the

subcriticaI regime can be represcntcd x_uh a power taw of the form p036

Burning experiments of considerably less sooting methanol droplets have been conducted under reduced

gra_aty conditions to be able to detect the instantaneous droplet diameter. These experiments have been
conducted between normal atmospheric pressure and a maximum reduced pressure of Pr = 063. Two pictures

of a burning suspended methanol droplet with d o = 1.5 mm and for Pr = 0.63 are shown on Plate I. Figure 6

presents the curves of d2[t) for two pressures. The sequential gasification behaviour is not observed even for the

lowest pressure range (see also ref. 12). As shown on Fig. 7, the average burmng rate increases with pressure.
Three methods have been compared on this figure: the method based on the d 2 law and the droplet lifetime: the

method based on the average slope of the d2(t) curve: and that based on the average value of K(t). As a first

approximation, and for the pressure range invesUgated here. the three methods give comparable values and a

quasi-linear increase of the average burrung rate with pressure. Figure 8 shows the instantaneous burning rates

for high pressure methanol droplet burning expetaments. The curve for the highest pressure. P = 5 MPa, is

distinguishable from the others by its accentuated non-stationary behaviour.
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Fu_u'e work

The investigation of high pressure effects x_ill be the main focus of the future LCSR work on droplet

gazLfication regimes. The supercntical regime xxill be approached with the help of a new version of the

HP-DBF which is under construction: it will allow to increase the temperature as well as the pressure of the

ambient medium. This apparatus xsill be used to invesugate the vaporization and burmng of mono and

mulucomponent fuel droplets in high pressure and high temperature conditions and also to compare normal
grax-iD" and reduced gravity, experiments to infer natural convection effects. An electroch'namic balance is

under development and will be added to the apparatus. It will allow to conduct supercritical vaporization

experiments under normal gravi +tyconditions. The parabolic flights of the Caraveile aircraft will be continued

to be used for suspended droplet experiments. A new high pressure droplet burning module x_ili be developed

to be used dunng sounding rocket experiments in collaboration with ESA/ESTEC and MBB-ERNO. A major

purpose of the following years is the invesugation of high pressure vaporization of liquid ox3'gen droplets. A

collaboration is established with the University of Marseille and ONERA to develop the numerical modelling

pan of this task.
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Introduction

This is a joint research program, pursued by investigators at the University of Tokyo,

UCSD, and NASA Lewis Research Center. The focus is on high-pressure combustion of

miscible binary fuel droplets. It involves construction of an experimental apparatus in

Tokyo, mating of the apparatus to a NASA-Lewis 2.2-second drop-tower frame in San

Diego, and performing experiments in the 2.2-second tower in Cleveland, with experimental

results analyzed jointly by the Tokyo, UCSD, and NASA investigators. The project was

initiated in December, 1990 and has now involved three periods of drop-tower testing by

Mikami at Lewis.

The research accomplished thus far concerns the combustion of individual fiber-supported

droplets of mixtures of n-heptane and n-hexadecane, initially about 1 mm in diameter, un-

der free-fall microgravity conditions. Ambient pressures ranged up to 3.0 MPa, extending

above the critical pressures of both pure fuels, in room-temperature nitrogen-oxygen atmo-

spheres having oxygen mole fraxtions X of 0.12 and 0.13. The general objective is to study

near-critical and super-critical combustion of these droplets and to see whether three-stage

burning, observed at normal gravity, persists at high pressures in microgravity. Results

of these investigations will be summarized here; a more complete account soon will be

published (ref. 1).

Experimental Apparatus and Procedure

Figure 1 shows a schematic diagram of the experimental apparatus. The pressure chamber

has four orthogonal windows that give two views of the combustion process, a backlit view

from which the droplet size as a function of time is obtained and a second view which shows
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the flame surrounding the droplet. During each test, both of these views were recorded

by 16 mm cine cameras. Microgravity conditions were attained by dropping the pressure

chamber and associated experimental equipment in a drop tower at NASA Lewis Research

Center that provides 2.2 seconds of microgravity (_,10-s normal).

Before release of the experimental package, a fuel droplet was formed at the end of a

0.125 mm silica fiber from a high-pressure syringe driven by a stepping motor. Following

release, immediately upon entry into microgravity the droplet was ignited. The ignition

source was a hot wire (aluminum alloy, 0.2 mm diameter) formed into a 2 mm diameter

loop that surrounds the droplet. The hot wire was rapidly removed after ignition, leaving

approximately 2 sec of the 2.2 sec to observe combustion. All processes, including droplet

dispensing and ignition, were controlled by a microcomputer.

The initial droplet size was approximately 1 mm in diameter. 1 This droplet diameter

is nearly an order of magnitude larger than that of the suspending fiber, while also being

small enough that complete burning could be observed in the available microgravity time.

The ambient gas was a nitrogen-oxygen mixture with oxygen mole fractions, X, being 0.12,

except for a small number of tests at X = 0.13. These reduced oxygen concentrations

were employed to aid in visualizing the droplet from the backlit view at high pressure.

All experiments were performed with the ambient gas and the droplet initially at room

temperature.

The binary fuel droplet was composed of n-heptane and n-hexadecane with mass frac-

tions of hexadecane, ¥, ranging from 0 (pure heptane) to 1.0 (pure hexadecane). The

subject fuels have critical temperatures and pressures of 540 K, 2.74 MPa and 722K, 1.53

MPa for heptane and hexadecane respectively. The pressure in the data reported here varied
from 0.4 to 3.0 MPa.

(._¢peral Cornb_stion Behavigr

Figure 2 shows variations of the square of the droplet diameter d with time t at different

pressures, both normalized according to theory by dividing by the square of the initial

droplet diameter do. For fuel mixtures, after the initial transition period and the first

stage of linear behavior, another transition period exists (the second stage), after which the

square of the droplet diameter again decreases with time almost linearly (the third stage),

as seen in Figure 2. The cause of such three-stage burning is as follows: In the first straight

segment, the high-volatility fuel, heptane, vaporizes preferentially from the droplet surface

since the droplet temperature is relatively low. Since liquid-phase diffusion is slow relative

to droplet surface regression, the hexadecane mass fraction gradually increases in the surface

region. When the surface concentration of hexadecane reduces that of heptane sufficiently,

the vaporization rate decreases and the flame approaches the droplet (the second transition

period). After the droplet is heated by the flame enough to allow sufficient hexadecane

to vaporize, hexadeca_e and heptane vaporize vigorously together, in the second straight

segment. Figure 3, which shows both normalized droplet diameter and tame diameter as

functions of time, illustrates how flame contraction follows the onset of the transition period;

this delay is reduced at larger X.

tWhen the droplet is suspended from the fiber, it is not spherical in shLpe, but is elongxted along the
fiber due to surface tension. The equivalent spherical droplet diameter is computed as the cubic root of the

product of the major diameter (-long the fiber) with the squ_e of the minor diameter (perpendicular to the

fiber).
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As seen in Figure 2,thisstagedtype of burning stillexistsat the supercriticalambient

pressureof 3 MPa. The concentrationY=0.11 in Fig. 2 liesoutsidethe boundary of staged

burning reported earlierby Niiokaand Sato. The phenomenon may have been present but

not observablein the normal-gravityexperiments because the duration ofthe second stage

isshortened by the increasedrateof heat transferproduced by naturalconvection,or the

gas-velocityand surface-tensionvariationsunder natural convection may have promoted

internalliquidmixing and therebynarrowed the region of staged burning. Stage burning

occurred forallmixtures testedotherthan pure fuelsin the presentstudy.

Homogeneous nucleationisnot observed in this experiment. This resultis expected

because the ambient gas isdilutedwith nitrogen,reducing the dropletsurfacetemperature,

sothatthe localdroplettemperaturehas lessofa tendency toexceed the limitofsuperheat.

Droplet Lifetime

Figure4 shows the dependence ofthe normalized dropletlifetime2,tt,at differentambient

pressureson the initialhexadecane mass fraction.

This figureshows that the dropletlifetimereaches a maximum at an intermediatehex-

adecane mass fraction,at allbut the highest pressure.For fixedinitialhexadecane mass

fraction,the dropletlifetimedecreaseswith increasingambient pressure,except for pure

hexadecane. For hexadecane, the dropletlifetimeexhibitsa minimum value at 2.5 MPa

ratherthan the criticalpressureof 1.5MPa, and the burning-rateconstantexhibitsa max-

imum at 2.5 MPa, as describedlater.Earlierresultsindicatedthat in airthe burning-rate

constantachievesitsmaximum atthe criticalpressure.Studiesof fuel-dropletevaporation,

however, have reported that the evaporationconstant reaches itsmaximum at an ambi-

ent pressureabove the criticalpressureand at higher ambient pressureswhen the ambient

temperatures axe lower.Therefore,the occurrenceofthe minimum dropletlifetimeand the

maximum burning-rateconstant above the criticalpressure,rather than near the critical

pressure,may be caused by delayed attainment of liquidcriticality,associatedwith the

lowertemperatures produced by dilutionofairinthe presentexperiments.Itisnoteworthy

that minima are not seen forheptane or any ofthe mixtures. Most of theirhistoriesseem

dominated by heptane, whose criticalpressure issignificantlyhigher;the minima could

develop at higherpressuresforthesedroplets.

As shown by Figure2,the squareofthe dropletdiameter decreasesalmostlinearlywith

time in the firstand third stages.Figure 5 shows the burning-rateconstantin the first

stage,KI, and in the thirdstage,K3, both here defined from the maximum slope in each

segment. While KI decreasessharplywith increasinginitialhexadecane mass fractionat

fixedambient pressure,/(3 increasessomewhat. Both increasewith increasingpressure,

except for pure hexadecane, which exhibitsa maximum value at 2.5 MPa, as described

above.

Since the firststraightsegment occupies most of the dropletlifetimefor small Y,KI,

which decreaseswith increasingY, has a major influenceunder theseconditions.On the

other hand, for large Y, sincethe second straightsegment occupies most of the droplet

lifetime,K3, which increaseswithincreasingY, isdominant.

The burning-rateconstantKI may be approximated as

K_ = [8V(pc,)]tn(1+ B) (I)

2The droplet lifetime is defined u the time from the initial appearance of a luminous flame until the

droplet disappears.
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where the transfer number B is

B = [YCv+ + Yo.oovc7 WCT/(voWo)]/(1- YET'+) (2)

on the assumption that,in the firststraightsegment, the droplet surfacetemperature is

nearlyequalto the boilingpoint of heptane, and hexaAecane vaporizationisnegligiblefor

small hexadecane mass fraction.Here, YeT+ isheptane mass fractionin the gas phase at

the gas-liquidinterface.The heptane mole fractionin the gas phase XcT+ iswrittenas

Xcv+ = aXcT_ = e(1 - Xc16-) (3)

by Raoult'slaw and the Clausius-Clapeyronrelation,where a < 1,and XcT- and Xcle-

are heptane and hexadecane mole fractionsin the liquidphase at the phase interface.Here

are relatedto Xi as

Y_ = X_W_/EXjWj (4)

From these relations, dK1/dYcl__ < 0 can be shown, which is consistent with the decrease

in K1 with increasing initial hexadecane mass fraction.

Similar reasoning could rationalize the Ks dependence only if heptane vaporization

were negligible in the third stage. It seems more likely that, with decreasing Y, the reduced

duration of the third stage delays attainment of its maximum K3.

Onset of the Second TransitionPeriod

Figure 6 shows data for the ratio of the critical volume, Tic, defined as the volume of the

droplet at the onset of the second transition period, to Vo, the initial droplet volume. These

data aiso may be interpreted approximately as the volume at the onset of flame contraction,

which follows the onset of the transition period as seen Figure 3. Results at an ambient

oxygen mole fraction of 0.13 axe also shown in Figure 6. The results indicate that the critical

volume increases with the initial hexadecane mass fraction and is almost independent of

ambient pressure and oxygen content.

Two types of curves are shown in Figure 6 for the critical volumes at 1 MPa generated

with different assumptions. The dotted curve is

VolVo = Y(Po/P) (5)

on the assumption that the liquid-phasediffusionisinfinitelyrapid and hexadecane does

not vaporizeuntilthe droplet has exhausted allheptane. Here po isthe density of the

fuelmixture at room temperature,and p the densityof hexadecane at the boilingpointof

heptane. The broken curvesare

Vc/Vo = [Y/{Y + 3c(I - Y)}](po/p), (6)

which is an equation of Shaw based on the assumption that the liquid-phasediffusion

coefficientD issufficientlysmall relativeto the burning-rateconstant K such that _ =

8D/K << 1 can be treatedas a smallparameter,and hexadecane vaporizationisnegligible.

If _ isestimated with the assumption that D is the liquid-phasediffusioncoefficientof

heptane in hexadecane at the boilingpointofheptane, and K isthe burning-rateconstant

ofheptane,then at 1 MPa, _ isabout 0.05.The experimentalresultsliebetween thisresult

and the infinite-dilfusivityresultbut fallcloserto thisresultat the largervaluesof Y and

closerto the infinite-diffusivitycurve at smallerY. Reasons for thisbehavior are discussed

fullyin ref.1.
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Conclusions

The main conclusions can be listed: Staged burning still exists above the critical pressures

of heptane and hexadecane. Heptane is dominant in gasi_c_tion in the first stage and

hexadecane in the third even at high pressure. Droplet lifetimes increase with the initial
hexadecane mass fraction and reach a maximum value at a mass fraction of about 0.3 for

pressures below 2.5 MPa in sufficiently diluted atmospheres. The maximum burning-rate

constant in the first stage decreases with the initial hexaxiecane mass fraction but that in

the third stage increases. The dropht volume at the onset of the second transition period

is almost independent of the ambient pressure. Although it c,xn be predicted qualitatively

from liquid-phase diffusion-controlled theory, quantitative predictions axe uncertain because

of variations in burning-rate constants and in liquid-phase diffusion coefficients.

Future Plans

In view of the resvJts described above, it would be of interest to test behaviors of these

mixtures at higher pressures and at different oxygen-nitrogen ratios, particuiarly at higher

oxygen content, such as in normal air. However, experimentaJ difficulties in observing the

droplets cause the success of such investigations to be uncertain. Other plans under con-
sideration involve studying free droplets, testing binary alcohol mixtures at these elevated

pressures (but probably not super-critical because of their higher critical pressures), and in-

vestigating droplet arrays to obtain information relevant to high-pressure spray combustion.

In any event, this successful international cooperation appears to deserve to continue.
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COMBUSTION OF INTERACTING DROPLET ARRAYS IN A MICROGRAVITY

ENVIRONMENT

Daniel L. Dietrich
Sverdrup Technology, Inc.

Cleveland,Ohio 44135

  93-20217

and

John B. Haggard
NASA Lewis ResearchCenter

Cleveland,Ohio 44135

Imrgductign

This research program involves the study of one and two dimensional arrays of droplets in a
buoyant-free environment. The purpose of the work is to extend the database and theories that
exist for single droplets into the regime where droplet interactions are important. The eventual goal
being to use the results of this work as inputs to models on spray combustion where droplets
seldom burn individually; instead the combustion history of a droplet is strongly influenced by the
presence of the neighboring droplets.

Recently, Annamali and Ryan (ref. 1) have summarized the current status of droplet array, cloud
and spray combustion. While no attempt will be made to duplicate this work here, there are several
relevant ideas that should be mentioned. There a number of simplified theories (refs. 2-6), and a
small number of detailed numerical studies (refs. 9 and 10) of droplet vaporization/combustion

where multiple droplet effects are significant. These theories all neglect the effect of buoyancy.
Experimentally, all studies to date show how important the effect of buoyancy is, in fact, it
becomes the dominant transport mechanism in the problem. Only the works of Law and co-
workers were performed in an environment where buoyancy effects were small (refs. 11 and 12),
and the authors were limited to studying combustion in high oxygen index, low pressure ambient
environments.

The emphasis of the present investigation is experimental, although comparison will be made to
existing theoretical and numerical treatments when appropriate. Both normal gravity and low
gravity testing will be employed, and the results compared. The work to date will be summarized
in the next section, followed by a section detailing the future plans.

Research initiation date: 4/I/91.
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Normal Gravity Droplet Combustion Chamber

As presented in the previous section, normal gravity testing will be employed in this work.
Toward this end a combustion chamber to study the burning of single droplets and droplet arrays
was designed and built. The chamber can handle absolute pressures from 0 - 1 atm, and is

equipped with a gas mixing system so that the ambient pressure and gas composition can be
accurately controlled. Inside the chamber, droplet(s) are suspended from 125 I.tm quartz optical

fibers with a precisely controlled I 250 lain bead placed on the end. Droplets are placed on the end
of the fiber with a hypodermic tube attached to a rotary solenoid. Ignition is accomplished with a

length of .010 inch Kanthal (Aluminum alloy) wire heated with a current of approximately 4
amps. The hot-wire is attached to a linear solenoid, and is removed immediately after ignition.
Photographic images are obtained by two orthogonal views; one a backlit view from which the
droplet size as function of time is obtained, and the other from which the flame dynamics are
captured. The entire droplet dispense/ignition and photographic process is controlled with a time

delay relay circuit.

One of the first uses of the combustion chamber was to evaluate the suitability of an intensified

array camera to image the flame in the ultra-violet region of the spectrum as opposed to the visual

image usually obtained. This work is in support of the Droplet Combustion Experiment (M.
Vehda-Nayagam, project scientist). Methanol and n-heptane droplets were burned in ambient
environments of Helium/Oxygen and Nitrogen/Oxygen at atmospheric and sub-atmospheric
pressures. The flame images were recorded with the intensified array camera (UV Nikkor lens,
quartz viewing window) and regular black and white video camera. Most of the video with the
intensified camera was taken with a 310 nm bandpass filter in place. The purpose was to attempt

to image the OH emission and compare that image with the visual image.

Figure 1 shows two images, the one on the right being that obtained with the intensified array
camera, and on the left from the black and white video camera at the same time. This was an n-

heptane droplet burning in a 35% Oxygen/65% Helium (mole fraction), and a total pressure of
0.75 atm. As is easily seen, the two images are very different, with a measurement of the flame
diameter and shape being very different depending on the camera used. At the present time, no
definitive conclusions can be drawn from the existing data, as further analysis of the existing data
is needed, in addition to more data with a color video camera and possibly more fdters.

Single droplets of methanol and n-decane were studied in high oxygen, low pressure ambients.

The purpose was to duplicate some of the work of Law and co-workers (refs. 13 and 14). The
result of one of these tests is shown in Fig. 2 with the square of the normalized droplet diameter
shown as a function of time. "the burning rate constant, defined as the best linear fit between the

two dotted lines in Fig. 2, was 0.84 mm2/sec. This was somewhat lower than the value reported

by Chung and Law. As also seen in Fig. 2, flame extinction occurs before the droplet has
completely vaporized (fuel was visible on the fiber). The extinction diameter for this droplet was
approximately 300 Bm. This droplet size was very close to the suspending fiber bead size,
however, so fiber interference effects were no doubt important.

For the same oxygen concentration and fuel as shown for the test in Fig. 2, but higher pressures
(0.3 alan), microexplosions were observed. A sequence of frames from before, daring, and after a
microexplosion are shown in Fig. 3. In the beginning, droplet burning was normal, but then the
liquid disruption begins and finally the explosion. After the explosion, normal droplet burning

The ability to accurately control the size of the bead is critical when performing the droplet
array studies so that the droplets in the array are as identical as possible (ref. 10).
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continuedif anyliquid remainedonthe fiber. These microexplosions seem to originate on the fiber
indicating fiber interference. Microexplosions also occurred at 0.2 atm, but were less severe, and

typically occurred later in the droplet lifetime. No microexplosions were seen at 0.1 atm.

More recently, work has started on burning multiple droplets. Figure 4 shows two droplets
initially 1 mm in diameter separated by approximately 6 mm. The fuel was n-decane, and the
pressure was 0.1 atm. Three pictures are shown at different times in the droplet lifetime. As
expected, early in the burning history, the two flames merge into a single flame, and later in the
lifetime the two droplets experience less interactions, and burn individually. Because of the low

pressure in the flames in Fig. 4, buoyancy effects were reduced (not eliminated) and the flames
were more spherical.

Reduced Gravity Droplet Combustion

Progress in low gravity has been limited by problems with the experimental apparatus. The major
development in this area has been utilizing extremely small (10-15 I.tm) Si-C fibers to suspend
droplets. These fibers are an order of magnitude smaller than the fibers used in most suspended

droplet studies. Figure 5 shows an n-decane droplet suspended from one of these fibers. This
drop was created in low gravity by stringing one of these fibers between the two deployment
needles in the droplet combustion facility of the 2.2 second drop tower. As can easily be seen, the
deviation from spherical symmetry is very small, with the fiber being barely visible. Figures 5
also shows the backlit view of the same droplet during combustion. One of the major advantages

of using these fibers is the potential to perform thermometry measurements in the gas phase of
sootless droplet burning (ref. 15). This is particularly useful when studying extinction
phenomena; enabling one to identify flame position, change in flame temperature, and flame

dynamics at extinction.

Given the encouraging results using these fibers, a new experimental apparatus for the low gravity
facilities is being developed. The experiment is designed to study one and two dimensional arrays
of droplets suspended by the Si-C fiber. The current status of the rig is that the design and
construction are nearly complete. Integration into a drop frame for the 2.2 second drop tower is
under way. Initial testing is expected to begin in the beginning to mid-October.

Another accomplishment is the development of an automatic data processing technique to measure
droplet size as a function of time from drop tower data. The technique is similar to that of Choi et
al. (ref. 16) and involves grabbing a frame from film (or video) and digitizing it. The edge of the
droplet is then detected by one of two methods (absolute intensity or intensity gradient), and the

area averaged droplet diameter is determined.

Future Work

Work in the remaining 2+ years of the grant will continue in both the normal gravity test cell, and
the low gravity apparatus. Several minor improvements will be made to the normal gravity

apparatus. The ignition system will modified, possibly even incorporating a spark ignition system;
the ultimate goal being to reliably ignite a droplet in the shortest amount of time with as little
disturbance as possible. This work will be done in conjunction with the Droplet Combustion
Experiment (DCE) science team (F. Williams, F. Dryer, and M. Vehda-Nayagam). The fuel
system will be improved to allow accurate delivery of multiple droplets simultaneously. This new

fuel system is nearly complete.

Another area of work that will be done in conjunction with the DCE science team, is on improved

flame imaging. Further testing will be done with the intensified array video camera, a color and
black and white video camera to determine the best method of imaging a droplet flame. For some
of these tests, a small Si-C fiber will be strung across the droplet (not supporting the droplet) and
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the luminousimageof the fiber during combustion will be recorded. The image of the 'glowing'
fiber will be compared to the visual flame images obtained with the video cameras.

In addition, work will continue on attempting to obtain temperature measurements from these
fibers. Currently, a model is being developed to correct the temperature of the fiber for radiation,
conduction and convective losses. The first experimental work will be conducted in the normal
gravity facility, and if the results are promising, it will be incorporated into the drop rig. Even if
absolute temperature measurements are not possible, these fibers will enable a qualitative
measurement of location of the maximum flame temperature, change in flame temperature as a
function of time and flame width.

Normal gravity work in the next year will be focussed on studying single droplets and linear

droplet arrays. Two fuels will be employed. The first will be methanol, the second n-decane. The
major variables will be the inter-droplet spacing, ambient oxygen concentration, pressure and
diluent (helium or nitrogen). The results of these studies will be compared to similar tests that will

be conducted in the 2.2 second drop tower with the new droplet combustion apparatus.
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Figure 1. Comparison of images from a black and white video camera (lef't) and intensified

array video camera with 310 nm bandpass filter in place, n-Heptane in a 0.75 atm,
0.35/0.65 Oxygen/Helium (mole fraction) ambient.

eq

0.8-

0.6.

0.4.

0.2 =

._

%
%

\

!

K ---0.84 mm^2/sec I
0 t

' ' ' _ I * ' '" ' I ' _ ' _ I ' ' ' '

0 0.5 1 1.5

Time (sec)

2

Figure 2. Normalized volume averaged droplet diameter as a function of time for n-decane
burning in a 0.1 arm, 0.5/0.5 Oxygen/Nitrogen (mole fraction) ambient.
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Figure3. n-Decane in 0.3 atm, 0.5/0.5 Oxygen/Nitrogen ambient, before (left), during

(center) and after (fight) microexplosion.

Figure 4. Two n-decane droplets burning in air at 0.1 atm on 125 lain fibers at three times

during the burning history.

Figure 5. n-Decane droplet in air at 1 arm supported on a 10-i5 lam Si-C fiber before (left)

and during combustion (right).
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COMMENTS

Question (C.T. Avedisian, Corncll University): In looking at your video of the combustion of droplct arrays
in microgravity using fiber supported droplets, some work that Brzustowski and co-workers did in the late
70's on unsupported droplet arrays in microgravity came to my mind. Do you intend to include a study of
unsupported droplet arravs in your work?

Answer: Not in the immediate future (1 year). We are, however, considering looking at unsupported arrays
in the last year of funding.
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1. Introducdon

Liquid fuel dispersion in practical systems is typically achieved by swaying the fuel into a polydisperse distribution of droplets
evaporating and burning in a turbulent gaseous environment. In view of the nearly unsurmountable difficulties of this two-phase
flow, it would be useful to use an experimental arrangement that allow a systematic study of spray evolution and burning in
configurations of gradually increasing levels of complexity, starting from laminar sprays to fully turbulent ones. An Electrostatic
Spray (ES) of charged droplets lends itself to this type of combustion experiments under weLl-def'med conditions and can be used to
synthesize gradually more complex spray environments. In its simplest configuration, a liquid is fed into a small metal tube
maintained at several kilovolts relative to a ground electrode few centimeters away. Under the action of the electric field, the liquid
meniscus at the outlet of the capillary takes a conical shape, with a thin jet emerging from the cone tip. This jet breaks up
farther downstream into a fine spray of charged droplets (see Fig. 1 and re£ 1). Several advantages distinguish the electrospray
from alternative atomization techniques: the self-dispersion property of the spray due to coulombic repulsion; the absence of
droplet coalescence; the potential control of the trajectories of charged droplets by suitable disposition of electrostatic fields; and
the decoupling of atomization, which is strictly electrostatic, from gas flow processes. Furthermore, as recently shown in our

laboratory (ref. 2), the electrospray can produce quasi-monodisperse droplets over a very broad size range (1-100 lam).

The ultimate objective of this research project is to study the formation and burning of electrosprays of liquid fuels first in laminar
regimes and then in turbulent ones. Combustion will eventually be investigated in conditions of three-dimensional droplet-droplet
interaction, for which experimental studies have been limited to either qualitative observations in sprays or more quantitative
observations on simplified systems consisting of a small number of droplets or droplet arrays (refs. 3-6). The compactness and
potential controllability of this spray generation system makes it appealing for studies to be undertaken in the next two years on
electrospray combustion in reduced-gravity environments such as those achievable at NASA microgravity test facilities.

2. Summary of the Research Activity from 3-1-1991 to 8-31-1992

The project has developed along two parallel avenues: we have performed a variety of cold flow experiments aimed at examining
the fundamental mechanism of electrospray atomization and dispersion as well as identifying and characterizing the domain of
operating variables under which the generated droplets are quasi-monodisperse. The other focus of the research has been on the
combustion of the electrospray in laminar regime: we have constructed acounterflow spray burner, tested it at normal gravity and
begun to examine the dynamics of the interaction of droplets and flame. Primary diagnostic tools are: a commercial Phase
Doppler Anemometer (PDA), the workhorse of this phase of the project, used to measure distributions of droplet size and either
axial or radial velocity component; and a shadowgraph system consisting of a nanosecond flashlamp, a long-range microscope and
a CCD camera, capable of capturing and digitizing images of droplet shadows with an overall magnification of up to 1IOOX.
Further details are given in the seven publications (refs. 2, 7-12) that have resulted from the research activity in the first seventeen
months of the project.

2.1 Fundamentals of Electrospray Atomization

Research on the fundamentals of electrospray atomization is crucial to develop strategies for optimizing the ES and tailoring it to
a particular application. In particular, it is necessary to: define and understand limits of operation of the system; infer scaling laws
that would allow to generalize experimental findings and perform scale-up to commercially interesting liquid flow-rates. In this
phase of the study we fu,st obtained a phenomenological picture of the atomization and dispersion processes, as sketched in Fig. 1,
through flash shadowgraphs of the breakup region (refs. 2 and 10). When narrow size distributions are generated, the liquid exits
the cone formed at the outlet of the charged capillary as a thin, stable, thread that persists for a short distance. This ligament then
breaks up into droplets of bimodal size distribution, with primary, larger droplets, and satellite ones, on average one third smaller.
Fartherdownstream, droplets in the spray core become nearly monodisperse as the satellites, driven by the electric field, migrate
more rapidly away from the spray axis because of higher charge to mass ratio and lower inertia. The core of uniform droplets was
found to carry 97% of the total flow rate and 85% of the total current; the remainder is present in a shroud of satellites. We also
identified the operating conditions under which the electrospray generates monodisperse droplets. A map of the ES stability
domain in the applied-voltage vs liquid flow rate plane was obtained for heptane, doped with the antistatic additive (Stadis 450,
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0.3% by weight) to provide electric conductivity. A domain was identified in which monodisperse droplets were generated whose
size was primarily controlled by the liquid flow rate and, to a less extent, by the applied voltage (ref. 12). Since the ultimate goal
was to evaluate the size and monodispersity of the spray, results are ploued in Fig. 2 as average droplet diameter, measured by the
PDA versus applied voltage for several liquid flow rates. For all measurements the droplet standard deviation was tess than 10 %

of the average diameter, the latter spanning a remarkable range of over two orders of magnitude (1-140 _m). The boundaries of
this stability region were found to be determined by the onset of different types of instabilities: at a given flow rate, the minimum
voltage was set by the onset of pulsations in the liquid meniscus, whereas the maximum voltage was typically set by the onset of
traverse instabilities on the jet issuing from the conical meniscus. The lower flow rate limit was set by diagnostic limitations:
the Phase Doppler system cannot, in fact, measure submicron droplets; the upper limit in flow rate was instead determined by the
onset of droplet fission, which is achieved when Coulomb repulsion of the electrical charges on the droplet surface overcomes
surface tension and the droplet disrupts, as discussed below in greater detail.

We also examined in detail a prototypical ES. operated for diagnostic convenience in conditions resulting in the generation of

monodisperse droplets measuring 32 I.tmin diameter. After detailed scans of the spray in both radial and axial dkections, we fu'st
observed that droplet velocity and number density profiles are self-similar in the electrospray. Efforts were then focused on the
inference of the electric field that is the driving force determining spray formation and dispersion. Such determination is important
for spray modelling, it can help the analysis of the complex elect'o-hydrodynamics in the liquid meniscus and it is also useful to
define limits of operation of the system. The electric field was determined indirectly by quantifying through a variety of
measurements on the charged droplets the electrostatic force acting on them (ref. 10). To this end, we: a) measured both droplet
and gas velocity, droplet size and average interdroplet spacing; b) inferred droplet charge from measurements of the total current
carried by monodisperse droplets using a specialty fabricated, variable-aperture electrode; and c) solved the equation of motion for
an isolated droplet under the action of electrostatic, gravitational and drag forces. We found that droplets, driven by the field, are
ejected from the jet at relatively high velocity. They maintain this velocity even though the field is rapidly decreasing because of
inertia effects and ultimately decelerate under the action of drag force and a progressively weaker electrostatic force. The net elecmc
field acting on the droplet is due primarily to the external field, except near the break-up region of the spray, where the internal
field due to space charge appears also to be important. Indeed, droplet coulombic repulsion plays a crucial role: if only the
external field were acting on the droplets, they would predominantly persist in their axial trajectory without dispersing into a
spray. Space charge effects, coupled with diverging lines of the external field between capillary and g;ound electrode ultimately
lead to spray dispersion.

2.2 EIectrospray Combustion

Spray combustion in a stagnation-point flow configuration has been examined experimentally, numerically and analytically in
diffusion flames in a few recent studies (refs. 13-17). The focus of our effort has been to study the effects of the interaction
between flow field, flame and droplets on the structure of the counterflow spray diffusion flame (ref. 7). We also found the t-h-st
evidence in a burning spray of secondary atomization due to Coulomb fission (ref. 11).

The countefflow diffusion flame burner (Fig. 3) has been described elsewhere (ref. 7). Briefly, electrosprayed heptane and a co-flow
of N2 flowed through the bottom half of the burnerand oxygen was admitted through the top one. Combustion occurred in a gap
between top and lower half of the burner, near the stagnation region between the two impinging streams. Experiments were
performed on two heptane flames, both operated at the same overall equivalence ratio of 0.36, and, thus, both having the same

adiabatic flame temperature. The first flame, labelled LS, was characterized by a nominal strain rate of 3 s -1, droplet mean

diameter and mean velocity near the burner mouth equal to 36.3 I_m and 0.63 m/s respectively. In the second flame, labelled HS,
strain rate, initial droplet size and droplet relative velocity were increased to 4.3 s-1,47.3 lain and 1.3 m/s respectively. The ratio
of standard deviation and mean droplet size near the burnermouth were 0.09 and 0.13 in the two flames and therefore droplets can
be considered quasi-monodisperse, at least initially. Both flames are in a dilutedspray regime where droplet-droplet interactions are
expected to be negligible (ref. 18). Droplets entered the combustion region with a substantial slip with respect to a host gas
velocity of only a few cm/s.

In Fig. 4 the average droplet diameter and gas-phase temperature, measured along the burner axis, are plotted versus the distance
from the bottom burner rim, z, for the two heptane flames: open symbols refer to Flame LS (Low Strain rate) and full symbols to
Flame HS (High Strain rate). The error bars on the droplet diameter have a width equal to two standard deviations. The
temperature was measured with a fine silica coated, Pt-Pt/13%Rh thermocouple. In the case of Flame LS, we observe that as
droplets approach the combustion region and the stagnation plane, the temperature begins to rise and droplet mean diameter
decreases gently in the fixst 4.5 millimeters and much more abruptly in the subsequent two millimeters. Droplets disappear at
about 5.7 mm from the burnermouth, before reaching the flame that was located at z=7 mm and appeared like a thin, flat sheeL
of a blue-vio|et color. In the case of the higher strain rate heptane flame, HS, the flame had an appearance markedly different from
Flame LS and exhibited a more complex structure. We observe a thin blue region, similar to that of Flame LS, at z=7.1 ram,
another thin sheet characterized by violet luminescence at z=7.3 ram and a thick orange region between z=7.7 and z=9.6 ram,
whose luminosity is presumably due to the presence of soot particles. Some of the droplets penetrated through the blue flame and
continued to burn within the oxidizer region where they eventually disappeared in the homogeneously thick orange region. Larger
droplets burning individually could be identified by their luminous wake occasionally protr,|ding beyond the uniform orange
region. From these measurements one concludes that Flame LS behaves in some respects as a purely gaseous diffusion flame
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since droplets never directly interact with the flame but simply provide a source of heptane vapor, which then diffuses towards the
oxidizer region. This observation confirms numerical predictions under similar conditions (refs. 14, 17) and is also consistent

with visual observations of analogous spray flames (ref. 15, 17). Flame HS on the other hand clearly exhibit a direct interaction

of droplets and flame. The dramatically different appearance of the two flames can be explained as follows. First, in the case of

Flame HS the droplet mean size and axial velocity component measured close to the burner mouth are 30 % larger and twice as
large as compared to Flame LS. The larger size and larger velocity of droplets in HS result in longer lifetime (based on d-square

law) and shorter residence time, which accounts for droplet survival over significantly longer distances as compared to Flame LS.

Second, inertia effects and the consequent inability of the droplets to follow the host gas are more significant in the higher strain
rate flame.

A comparison between the temperature prof'des in the two heptane flames (Fig. 4) shows that the flame with the nominally higher

strain rate, Flame HS has a substantially broader temperature profile. This finding is in contrast with what expected in purely
gaseous diffusion flames on the basis of both theoretical analyses, that predict proportionality between the width of the
temperature profile and the inverse of the square root of the strain rate (ref. 19), and numerical predictions (ref. 20). Furthermore,

even though the two flames have identical overall equivalence ratios and nearly equal adiabatic flame temperatures, Flame HS has a
peak temperature 240 K higher than Flame LS. This difference is probably an effect of the local stoichiometry. Since N 2 was

introduced only from the fuel side, the inert concentration is a monotonically decreasing function of z. Thus, droplets cross the
blue flame in Flame HS and continue to burn stoichiometrically in an oxygen rich environment while the inert concentration
progressively decreases.

The error bars on the droplet diameters in Fig. 3 show that the initially narrow size distribution broadens in the course of
evaporation. This effect can be attributed to size-dependent droplet evaporation rate and residence lame, as explained in detail in ref.
7. Also noteworthy is the non-monotonic behavior in Flame HS of the mean droplet diameter as function of the axial coordinate,
z, which is clue to an inertia separation effect (ref. 7).

2.3 Fission of charged Droplet

Measurements of charge and size of droplets generated in electrostatic sprays of heptane operated in the conditions described in

Section 2.1 showed that: a) droplet charge-to-volume ratio is a monotonically decreasing function of droplet size; and b) that the

larger are the droplets the closer they are to the limiting charge at which they rupture. This limit is attained when the Coulombic

repulsion of surface charge overcomes surface tension (ref. 21). Thus, somewhat paradoxically, large droplets with relatively low

charge-to-volume ratio are proner to disintegrate than smaller droplets with higher ratios. Exploiting these findings, for the first

time we have captured photographically the fission of nearly-monodisperse, charged droplets generated by an electrospray (Fig. 5).

Observed fissile patterns show that droplet disintegration is characterized by the formation of a tail, or "cone", reminiscent of the

conical liquid meniscus from which the electrospray originates (see Fig. 1). From the tip of this cone, a stream of droplets is
ejected, all much smaller in size than the parent droplet and apparently equisized. Consequently, since droplet evaporation time

varies with the square of the droplet diameter at typical prevailing conditions, the offspring droplets will vaporize at much faster

rate than will the residual "parent" droplet. A phenomenological explanation of the observed dependence of charge density on

droplet size has been offered in terms of the relative magnitude of two characteristic times: an electric relaxation time, i.e. a

characteristic time for charge motion in the liquid or on the liquid surface; and a characteristic fluid time, i.e. the time over which

varicose wave instabilities propagate along the axis of the liquid jet from which the electrospray originates. Some implications

of these findings, with particular emphasis to electrospray ionization, a technique widely used in biochemical mass-spectrometry

are discussed in (ref. 9).

Experimental evidence of droplet fission was also obtained in the combustion of electrosprays (ref. 11). PDA measurements in

the flame labelled LS in Fig. 4 showed in fact a peculiar feature of the size distributions in the vicinity of the flame. Fig. 6

shows one such distribution as measured at z= 5.5 ram. Notice the bimodality of the distribution with the appearance of a

secondary peak in correspondence of diameters of 2-3 lam, i.e. one order of magnitude smaller than the mean droplet diameter. No

evaporation mechanism can account for this f'mding, which can be explained only in terms of a disintegration of droplets into finer

fragments of consistently much smaller size. Other evidence in support of the existence of secondary atomization is offered by

velocity measurements showing that in correspondence with secondary peaks in the size distribution both radial and axial

components of the droplet velocity are unusually large, i.e. one or two orders of magnitude larger than the corresponding mean

values, which is indicative of the occurrence of an ejection process. This disruption occurs despite the presence of chemi-ions and

electrons that are naturally present in the flame and that might have partially or totally neutralized the droplet, as originally

suggested by Weinberg (ref. 22). The morphology of the fission process captured in cold flow experiments (Fig. 5) is consistent

with the size distribution found in these combustion experiments.

3.0 Future Plans

Task 1- We would like first to characterize as quantitatively as possible the evolution of the spray as the droplets approach the

flame. With the measurements of droplet size, velocity and gas-phase temperature, we should to be able to reconstruct the
evolution of the droplet size distribution as the droplets approach the flame and to determine the droplet vaporization rate.
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Task-2 Further studies are needed to capture droplet fission in combustion environments and to clarify whether disruption is
characterized by only 1-2 % liquid mass loss, or whether the mass loss can be substantially higher because of the presence of

chemi-ions*. In the fast case, the disruption process enhances the evaporation rate of only a small fraction of the liquid supply
but it may still aid in the overall stability of the spray flame. In the second case, the advantages of secondary atomization would
be far more dramatic. A suitable electrostatic atomizer would generate directly large droplets, with the inherent advantage of good
penetration of fuel into the oxidizer, and indirectly small droplets, via Coulombic fission,with the advantage of rapid evaporation
and effective molecular mixing of fuel and oxidizer.

Task 3- Experiments to date have been conducted in a regime of diluted spray, as discussed in Section 2.2. To operate the spray
ultimately in a regime of droplet-droplet interaction, we would like to develop strategies to focus electrostatically the spray by
manipulating droplet trajectories with electric fields and therefore controlling interdroplet spacing If space charge effects are
limiting, partial neutralization of droplet charge by an aerosol neutralizer may be necessary before focusing can be implemented.

Task 4 - Part of the experimental program in the third and fourth year would be implemented at the 2s Drop Tower NASA
facility. Efforts will be made to retrofit the current version of the counterflow burner to the drop-package before the end of the
current year. The obvious goal is that of studying spray combustion in an environment free of natural convection effects.
Buoyancy can generally play a role in displacing the flame in low strain rates flames, as we also observed in purely gaseous
flames (ref. 24). In the particular case of spray flames, its role will become very sign/ficant in regimes of droplet-droplet
interaction, when the characteristic length of the Grashof number is no longer the droplet size but the "spray size." In this
context, efforts in task 3 will be crucial.

Task 5- To be able to compare the results of the laminar spray experiments in the counterflow configuration with computations,
Prof. M. D. Smooke will develop a model that accounts for the interchange of mass, momentum, chemical species and energy
between the gas and liquid phases in a monodisperse spray. Building upon the experience obtained in the investigation of detailed
transport/finite rate chemistry models of gaseous premixed and nonpremixed counterflow systems (refs. 20, 25, 26), we plan to
solve the complete liquid-gas phase system with a modified version of the algorithm described in detail in the literature (ref. 25),
after coupling in the liquid phase by utilizing the ideas of Sirignano and coworkers (ref. 14). This approach will enable us to
investigate the effects of droplet size, droplet spacing and the effects of droplet vaporization on flame location, temperature and
species distributions. The interaction between modeling and experiments will help in interpreting the experimental findings and
in validating the model both at normal and reduced gravity.

Task 6- We plan to complement the measurements of droplet size and velocity with spectroscopic determination at normal
gravity of the concentration of major gaseous species as well as of some radicals. This study will be valuable for determining
flame location, studying its evolution, evaluating oxidizer penetration into the droplet-laden region and comparing results with
numerical predictions. Experiments will be performed in collaboration with Prof. M. B. Long. Major species such as 0 2, CO 2,

I420 and N 2 will be detected by spontaneous Raman scattering. For radical such as OH and CH, on the other hand, the laser will
be tuned to an absorption line and the fluorescence will be detected at a wavelength shifted from that of the input laser. Point
measurements can be performed by using optical fdters to reject partially or totally the droplet intense elasuc light scattering in
combination with a synchronization scheme in which spectroscopic signals will be collected conditionally upon the absence of
droplets in the laser probe volume. Since the anticipated interdroplet spacings are in the order of ten droplet diameters and droplet
data rate are in the order of a f_w Hz, this strategy should be easily realizable. We would also like to initiate imaging experiments
by combining a CCD detector with a pulsed laser illumination sheet or line and ultimately map the concentrations in a single
plane or line intersecting the spray (see for example ref. 27).

Task 7- The last phase of the project will be devoted to turbulent sprays. The same type of measurements performed in laminar
sprays will be repeated in carefully selected environments in which turbulence is "injected" in the gaseous stream by synthesizing
various turbulent scenarios, characterized by different intensities and scales. Since liquid atomization is achieved strictly by
charging, in contrast with aerodynamic atomization mechanisms, the host gas where the liquid is injected can in fact be controlled
independently.
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CHARACTERIZING DROPLET COMBUSTION OF PURE AND

MULTI-COMPONENT LIQUID FUELS IN A

N93"20219
MICROGRAVITY ENVIRONMENT

Gregory S. Jackson and C. Thomas Avedisian
Sibley School of Mechanical and Aerospace Engineering

Cornell University
Ithica, New York 14853

Introduction

The importance of understanding the effects of fuel composition, length scales, and other parameters on the
combustion of liquid fuels has motivated the examination of simple flames which have easily characterized flow
fields and hence, the potential of being modeled accurately. One such flame for liquid fuel combustion is the
spherically symmetric droplet flame which can be achieved in an environment with sufficiently low gravity (i.e., low
buoyancy). To examine fundamental characteristics of spherically symmetric droplet combustion, a drop tower
facility has been employed to provide a microgravity environment to study droplet combustion. This paper gives a
brief review of results obtained over the past three years under NASA sponsorship (grant NAG3 -987).

Important aspects which were studied to characterize the burning of liquid droplets included: 1) droplet burning rate
constants (K) which assess the rate of heat transfer to the liquid fuel from the exothermic gas-phase reactions, 2)
extinction of the droplet flame before complete vaporization which indicates the possibility of incomplete
combustion, 3) soot formation inside the spherical droplet flame, and 4) microexplosions and preferential
vaporization exhibited by multi-stage combustion for droplets of miscible mixtures. The spherically symmetric
configuration of microgravity droplet combustion allows for parameters such as average burning rates, flame stand-
off ratios, and location of soot agglomerates in the flame to be defined without the effects of natural convective
flows, and effects of droplet size in microgravity combustion are not masked by the length scale dependence of
natural convective flows.

A wide range of pure and blended fuels were studied in air at standard room temperature and pressure in a low
gravity environment on board the drop tower. Results from some of these fuels are briefly reviewed here: pure n-
heptane, pure l-chloro-octane, heptane/monochloro-octane mixtures, pure methanol, methanol/toluene mixtures, and
methanoi/dodecanol mixtures. The bulk of experimental results reported here were obtained by studying free
unsupported droplets with initial diameters (Do) ranging from 0.4 to 0.7 ram. A more limited series of experiments
were carried out on fiber-suspended droplets, with Do up to 1.1 mm, to examine the effect of initia[ diameter on the

burning of sooting fuels. Different mixture compositions were burned to assess the affects of additives on soot
emissions, extinction, and microexplosions.

Experimental Set-uP and Data Extraction

The original drop tower facility as well as the technique for creating free-floating stationary droplets has been
described in detail previously [ref. 1, 2]. Many modifications were implemented over the past three years to
improve the quality of data obtained from the experiments [refs. 3, 4, 7]. The experimental package contains a
combustion chamber with the droplet generator, ignition circuitry, a high-speed movie camera, and a low-lux CCD
camera for visualization of the flame boundary. The drop package experiences free fall for about 1.2 s. Some
previous experiments showed that the increase in gravity levels in the latter half of free fall due to air drag around
the package increased buoyant flows around larger droplets with Do > 0.80 mm [ref. 3]. Thus, in order to observe
spherically symmetric combustion for the longer-burning larger droplets, a drag shield was built in which the
experimental package can fall freely with minimal air drag for the entire period of free fall.

Two types of burning droplet experiments were performed in the drop tower: free unsupported droplets and fiber-
suspended droplets. To effectively levitate unsupported droplets in microgravity, a droplet deployment technique
based on the "ink jet" method was employed [refs 1, 7]. For the suspended droplets, a 30 to 50 l.tm diameter quartz
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fiber was used. The fiber diameter was kept very small in order to minimize its influence on the burning process.
Unsupported droplet experiments reported here included the following fuels: n-heptane, methanol, methanol/toluene
mixtures, and methanoi/dodecanoi mixtures. Suspended droplet experiments reviewed here include pure heptane,
pure monochloro-octane, and monochloro-octane/heptane mixtures. Because suspended n-heptane droplets had
burning rates and flame stand-off ratios which agreed well with burning rates and flame stand-off ratios of
similarly-sized unsupported droplets, the fiber was assumed to have a negligible impact on the combustion process.

Droplets were ignited about 15 ms after the package was released into free fall by two spark discharges on opposite
sides of the droplet. Considerable efforts were spent to develop a multiple spark circuit with the capability of
adjusting the spark energy, which was controlled by varying the spark duration, the voltage of the energy-storing
capacitors, and/or the current through the electrodes. The electrodes for the spark were retracted away from the
flame after ignition. Retraction was initially performed by a solenoid-activated spring mechanism which retracted
the entire electrode mount upwardly [ref. 3, 5, 7], but more recent experiments have used a mechanism where only
the electrodes are retracted in a radially outward direction [ref. 4].

Droplet diameter measurements were obtained from the high-speed movie records with framing rates ranging from
100 to 250 frames per second. Measurements were taken with a computer-based image analysis system (Image
Analyst TM, Automatix Inc., Billerica, MA). For suspended droplets, measurements were not taken when the average
droplet diameter became less than 8 times the nominal fiber diameter because of concerns about the influence of the
fiber on the burning process when the fiber diameter becomes a significant fraction of the droplet diameter. The
region for calculating the average droplet radius for the suspended droplets was defined as lying between the
locations where the liquid surface changed concavity near the fiber, both at the top and at the bottom of the droplet.

Results and Discussion

Heptang. Monochloro-octane. and Heptane/Monochloro-octane Mixtures
Burning rate constants were found for unsupported and suspended n-heptane droplets with Do ranging from 0.40 to
1.05 mm and for suspended 1-chloro-octane droplets with Do from 0.45 to 1.10 mm [ref. 3 - 5]. N-heptane droplets
larger than 0.9 mm and l-chloro-octane droplets larger than 0.8 mm had burning times longer than the duration of
free-fall. However, enough of the burning history was recorded for these larger droplets to get a reasonable
assessment of K during the period of so-called steady burning after the initial heat-up period. Representative
examples of droplet diameter-squared profiles for unsupported n-heptane droplets are shown in fig. 1. Burning rate
constants were found with a least-squared linear regression of the droplet diameter-squared data vs. time. Data
from the initial period of droplet heat-up and gas-phase vapor accumulation were excluded from the linear
regression. The differences in the slopes of the two profiles in fig. 1 reflect a decreased burning rate for the larger
n-heptane droplets. For both n-heptane and monochloro-octane droplets with Do around 0.60 mm, K consistently had
values which were more than 20% higher than those for droplets with Do around 1,00 ram.

Both heptane and monochloro-octane droplets exhibited common trends in the development of the flame and a shell-
like structure of soot (i.e., soot shell) between the droplet and the flame. Soot particles form rapidly enough for all
but the smaller-sized heptane droplets, such that thermophoretic forces overtake outward inertia created from the
Stefan flow and the particles are pushed inward to a region where the themrophoretic forces balance the outwardly
directed drag forces. The soot shell begins to take shape as new particles collect in this region. As burning
progresses, the particles begin to agglomerate and the large soot agglomerates are eventually pushed away from the
droplet and into the flame zone because the outward drag force increases more rapidly with particle size than does
the thermophoretic force [ref. 3]. The soot agglomerates generally escape the flame without complete oxidation
implying a loss in heat generation due to unoxidized carbon. As vaporization is completed, the contracting flame
passes through and disrupts the remaining soot.

Fig. 2 shows two representative photographic sequences of n-heptane droplets burning at low gravity: an
unsupported droplet with Do = 0.69 mm and a suspended droplet with Do ---0.75 mm. The two sequences have
approximately the same t/Do2 values to provide some basis for comparison and to show the similarities between the
unsupported droplet flames and the suspended droplet flames. The bright particles in fig. 2 are radiating soot
particles emitted from the flame without undergoing complete oxidation. The fiber-supported droplet sequence
shows some soot agglomerates collecting on the fiber, perhaps due to thermophoresis. However, because burning
rates and dimensionless soot shell diameters for fiber-supported droplets agreed well with those of unsupported
droplets of similar initial size, the effect on burning of the soot/fiber interactions was assumed to be negligible.
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The smaller heptane droplets did not show any soot shell formation until near the end of burning, perhaps due to
their higher vaporization rates and the lower residence times for fuel particles inside the flame. On the other hand,
the larger heptane droplets (Do > 0.6 ram) formed soot shells early in the combustion process and emitted soot

agglomerates as combustion proceeded until the end of burning. The smaller monochloro-octane droplets exhibited
soot shell development, but their soot structures were much less dense and their emissions greatly reduced in
comparison to the larger monocchloro-octane droplets.

The flame luminosity, soot emissions, and burning rates of 25%, 50%, and 75% v/v heptane in monochloro-octane
suspended droplets fell between those of the two pure components [ref. 3]. The photographic records suggest that
more than 25% v/v heptane must be added to monochloro-octane before soot emissions are noticeably reduced as the
25% heptane mixture droplets appeared to soot almost as heavily as pure monochloro-octane droplets of similar size.
No multi-stage combustion process was observed for these mixtures.

Photographic records of the pure heptane and monochloro-octane droplets suggest that the amount of soot collected
in the shell and unoxidized by the flame may be a more sensitive function of the droplet diameter than a IY
dependence. Longer residence time for fuel molecules inside the droplet flame should promote fuel pyrolysis and
soot production. An approximate estimate for the residence time of fuel molecules inside the flame is obtained by
integrating with respect to radial position the inverse of the average velocity of fuel molecules inside the flame. This
residence time can be shown to scale with D'- [ref. 3]. Therefore, larger droplets have more time for fuel pyrolysis
and soot formation. A large amount of soot formation early in the combustion process of large droplets may
encourage further soot formation by surface reactions on newly-formed soot particles. If the amount of soot formed
is more sensitive to droplet diameter than D2, proportionately more carbon atoms from the vaporized fuel goes into
forming soot for larger droplets than for smaller droplets. This lowers the proportionate amount of heat released for
droplet vaporization and the corresponding burning rate constant.

Methanol and Methanol/Toluene Mixtures

Experimental results of pure methanol droplets showed that methanol droplets produce virtually non-luminous
flames in microgravity at atmospheric pressure [ref. 6]. Pure toluene droplets, however, have been shown to
produce highly sooting flames with the formation of dense soot shells between the droplet and the flame [ref. 1, 5].
Furthermore, pure methanol droplets exhibit flame extinction, attributed to water vapor absorption into the liquid
phase, and pure toluene droplets have been shown to emit large quantities of soot due to the break-up of the soot
shell near the end of burning. These differences in the behavior of methanol and toluene motivated the study of
mixture droplets of these two fuels [ref. 7] in order to ascertain whether some of the less favorable characteristics of
the spherically symmetric combustion of the pure components could be eliminated. Pure methanol droplets were
burned in the microgravity environment in order to provide a basis for comparison with the mixtures which included
5%, 25%, and 50% v/v toluene in methanol.

Pure methanol droplets with Do from 0.40 to 0.45 mm burned with a faint non-luminous flame and exhibited
extinction at droplet diameters ranging from 160 to 190 lain. 5% v/v toluene in methanol droplets, with Do ranging
from 0.5 to 0.6 mm, burned without any observable difference from the pure methanol droplets. The flame did not
appear luminous or exhibit soot formation. Average K values of the 5% toluene droplets before extinction matched
those for pure methanol droplets, and extinction of the 5% toluene droplets consistently occurred at droplet
diameters similar to those of pure methanol droplets. In fact, all toluene/methanol droplets had similar droplet
diameter-squared profiles as shown by the sample in fig. 3 in spite of tremendous differences in flame luminosity
and soot production, demonstrated partly by the photographic sample of the 50% toluene mixture droplet in fig. 4.

Marked increases in the flame luminosity indicating oxidation of soot precursors resulted from the burning of 25%
v/v toluene droplets, with Do between 0.45 and 0.60 mm. The visibility of the flame increased as combustion
proceeded as demonstrated by the two sequences shown in fig. 5. This increase with time may be explained by the
fact that the fractional vaporization of toluene increased as combustion proceeded. Furthermore, the intensity of the
flame luminosity appeared to be sensitive to droplet size as shown in comparing the two sequences in fig. 5.
Nonetheless, the flames for all 25% toluene droplets studied (Do between 0.45 and 0.60 ram) did not produce soot
agglomerates, which suggests that this mixture might be useful in promoting flame luminosity for methanol-based
fuels without soot emissions. However, flame extinction was still observed for this mixture as shown in the
characteristic diameter squared profile of fig. 3. Extinction diameters and burning rate constants before extinction
were again similar to those for pure methanol droplets (- 160 - 180 lam).

333



The 50% v/v toluene mixtures burned with a dramatic increase in soot production to the extent that a dense soot
shell eventually formed around the droplet and large agglomerates of soot were emitted through the flame near the
end of burning, as in the combustion of pure toluene droplets. However, unlike the combustion of pure toluene
droplets, the mixture droplets (ranging in Do from 0.45 to 0.55 mm) burned with an initial stage of low luminosity,
which suggests an initial period where the fractional vaporization of toluene is low. As methanol is preferentially
removed from the droplet surface in the early period of combustion, the fractional vaporization of toluene increases
to eventually cause the rapid production of soot particles in the gas phase, demonstrated in the photographs of fig. 4.
The soot particles rapidly agglomerate and form a soot shell around the droplet much like the heptane and
monochloro-octane droplets mentioned above. The collapse of the flame near the end of burning results in the
disruption of the soot shell. The flame extinguishes before the droplet is completely vaporized. The size of the
remaining droplets after the collapse of the flame is clearly smaller (< 140 p,m) than the extinction diameter of the
other two methanol/toluene mixtures studied. The differences in the behaviors of the 50% toluene droplets can in
part be explained by vapor/liquid equilibrium data for methanol and toluene which shows that the 50% toluene
mixture lies on the toluene rich side of a negative azeotrope for methanol/toluene mixtures [ref. 7].

Methanol/Dodecanol Mixtures
Adding dodecanol to methanol resulted in different droplet combustion behavior than with adding toluene to
methanol. 25% v/v and 50% v/v dodecanol in methanol mixture droplets were burned in the low-gravity
environment. The following burning characteristics of the methanoi/dodecanol mixture droplets, with Do ranging
from 0.50 to 0.60 mm, were observed [ref. 6]: 1) droplet burning appeared to be a multi-stage process for both
mixture compositions studied, 2) microexplosions were observed for some of the 25% dodecanol droplets, and 3)
extinction did not occur for the mixtures.

Multi-stage combustion in mixture droplets is characterized by a period midway through combustion when the
droplet diameter remains relatively constant as its temperature rises and the liquid density correspondingly decreases
due to the fractional vaporization of the less volatile component. Such a period is clearly evident in the D 2 profiles
for both the 50% v/v and a 25% v/v dodecanol in methanol mixture droplets in fig. 6. The multi-stage combustion
for the methanol/dodecanol droplets is caused by diffusion-controlled vaporization where the more volatile methanol
gradually is depleted at the droplet surface and cannot be replenished fast enough at the surface due to slow liquid-
phase diffusion. The droplet volume reduction before the intermittent period of heating (e.g., -25% for the 50%
methanol mixture) leaves some methanol in the droplet interior, and thus in the final stage of combustion both
dodecanol and methanol are being vaporized.

Microexplosions did not occur for the 50% dodecanol droplets burning in microgravity, while microexplosions were
observed for over two thirds of the 25% dodecanol droplets. Microexplosions were characterized by the rapid
formation and expansion of a bubble within the droplet, which eventually bursts as shown in fig. 7. The initiation of
microexplosion is caused by the droplet temperature reaching the superheat limit as discussed in ref. 6.

Methanol/dodecanol mixtures cannot attain temperatures higher than the boiling point of dodecanol during burning.
Therefore, any methanol/dodecanol mixture composition with a superheat limit above the dodecanol boiling point
will not undergo microexplosion. Calculation of methanol/dodecanol mixture superheat limits at one atmosphere
showed that the 50% dodecanol mixture had a superheat limit that was too high for microexplosion while the 25%
dodecanol mixture superheat limit was slightly lower than the dodecanol boiling point [ref. 7]. This sheds light on
the experimental results which showed microexplosion for only two thirds of the 25% dodecanol mixture droplets.
Because the 25% dodecanol mixture has a superheat limit near the boiling point of dodecanoi, it is not surprising
that some 25% dodecanol droplets did not exhibit microexplosion.

The addition of dodecanol to methanol was found to suppress extinction exhibited as all the 50% dodecanol and
non-exploding 25% dodecanol mixture droplets appeared to burn to completion. Water absorption within the
droplet may be insignificant during combustion of these mixture droplets because of the higher droplet surface
temperatures and the lower solubility of water in dodecanol.

Conclusions

The microgravity environment has proven a very useful tool in examining different aspects of droplet combustion.
The spherically symmetric droplet flames simplified the interpretation of all of these phenomena because the
interactions between the liquid and the gas-phase were more clearly defined. These aspects included: 1) an
influence of droplet size on soot formation in heptane and monochloro-octane d,-oplets, 2) the possibility that
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increasedsootformationandemissionsof largerdropletsencourageadecreasein theburningrateconstantwith
initialdropletsizeforsootingfuels,3) theusefulnessofmixingmethanolandtoluenetoachievealuminousdroplet
flamewithoutsootemissions,4) microexplosionsof methanol/dodecanolmixturedroplets,and5) thepotentialof
mixingaheavieralcohol(suchasdodecanol)withmethanoltosuppressflameextinctionexhibitedbypuremethanol
droplet.Futureworkwill seekto furtherquantifytheinfluenceof sootontheburningprocessandtoexaminea
widerangeoffuelmixtures.
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Figure 1. -- Two examples of dimensionless diameter-Nuared profiles for unsupported heptane droplets
burning in microgravity [ref. 41.
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Figure 2. -- Comparison of unsupported and suspended heptane droplets burning in microgravil'y [ref. 4].
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Figure 3. -- Dimensionless diameter-squared profiles for two methanol/toluene mixture droplets burning in microgravity [ref. 7].
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Figure 4. --50% v/v toluene in methanol droplet burning at low gravity, exhibiting rapid formation of soot [ref. 7].
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Figure 5. -- Comparison of flame luminosity of two 25% v/v toluene in methanol droplets with different initial

diameters burning in microgravity [ref. 7].
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Figure a. -- Dimensionless diameter-squared profiles for two methanol/dodecanol droplets burning in microgravity

illustrating multi-staged combustion.
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Figure 7. -- 75% v/v methanol in dodecanoi droplet burning in microgravity which illustrates microexplosion [ref. 6].
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SESSION SUMMARIES

SUMMARY OF SESSION C - Diffusion Flames and Diagnostics

(Robert Santoro, session chair)

The session on Diffusion Flames and Diagnostics contained a balanced treatment of these topical areas in

microgravity research. Four papers were presented on diffusion flames involving both laminar and turbulent
flow conditions. These papers were completed by three diagnostic contributions which reviewed present

capabilities as well as previewing future developments.

From the presentations in this scssion some general observations can bc drawn regarding bolh topical areas.

First, turning to the diffusion flame studies in microgravity conditions, current work is cmphasizing tile

measurement and prediction of flame shape for both laminar and turbulent flame conditions. The l_rcsence

of soot particles in these flames has been used as a key diagnostic tool because the luminous characteristics

of soot particles provide for convcnicnt visualization of the flame boundary. Conscqucnlly, studies are also

focusing on soot formation effects thcmselves as a phenomenon of interest. Furthermore, Ihc present results
for these flames have rcvealcd several interesting cffccts on soot formation under microgravity conditions,

including what appears to bc enhanced formation rates. With respect to the modeling of thcsc flamcs,

current models emphasize the prediction of the species concentration, temperature and velocity fields from
which the flame boundaries arc obtained and comparcd with experiments. Because of the lack of diagnostic

tcchniqucs suitable to the microgravity experimental facilities (i.e., drop Iowcrs, KC-135 flights and Space

Shutllc experiments) prediction will continue to bc relied upon for determination of these quantities.

With regard to the arca of diagnostics for microgravity studies, the video camera has truly become the

visualization detector of choice. The advent of intensified cameras is extending the application of this

technique to low light Icvel,s and holds the promise of providing spectral measurcmcnts as wcll. The

implementation of thcrmQphorctic probe sampling of soot particles reprcscnts a significant advance. The

application of intrusive pf:obcs for the mcasurcnlcnt of other combustion products would bc a mai¢_r

diagnostic cnhanccmcn':i Thus, thc thcrmophorctic probe rcsuhs may spur similar intrusive probe

development for other measurement needs. It is clear that rapid and significant advances have been made in
the area of combustion diagnostics for microgravity cxpcriments since the First lnlernaticmal Nlicrogravity

Combustion Workshop was held.

Turning to the specific prcscntations made during the session, several interesting and significant results were

prescntcd. Bahadori ctal. reviewed their extensive work in the area of laminar and turbulent diffusion flame
studlcs. ()f particular note were the turbulcnt flames results, which were rcportcd to have significantly

different blowoff, flame length and vorlcx dcvclopment behavior as compared to similar flames in normal

gravity environments. These results will offer new challcngcs to models prcdicllng mixing, near-limit

phenomena (e.g. extinction) and II.'mle stability properties in turbulent I'latrlcs.

Faeth et al. reported on studies conducted cm laminar diffusion flames, which are oriented towards better
understanding the soot and thermal radiation emissions from luminous flames. Tile results prcscntcd for low

pressurc diffusion flames were quitc novel. Low pressure conditions were used to simulate microgravity

conditions and revealed new insight in smoke-point behavior and soot formation processes. A major

advantage of this low pressure environment is the opportunity for extensive measurements of flame

properties over periods of time longer than than typically available in current microgravity facilities. These

experiments hold the potential for providing a unique environment in which to study soot formation and the

development of state relationships aimed at predicting soot formation in turbulent combustion systems.

Atreva et al. reported on their modeling efforts with respect to soot formation in counterflow diffusion
flames. These modeling results are being compared to recent normal gravity flame measurements and will

be extended to zero gravity studies to be initiated soon in the NASA-Lewis 2.2 sec microgravity drop tower.

Ku et al. similarly reporte_l on their efforts to model turbulent flames in a microgravity environment in which

PRECEO!NG "" '_ ,'_-:,1_,c P-LAr,!K l_,u_, F'_LMED

341



soot formation is explicitly modeled. Both these studies are incorporating normal gravity results for the key

submodels of soot formation, turbulence and radiation. In this respect, they wilt challenge current

understanding, while presenting new opportunities to reveal modeling successes and deficiencies.

The last three presentations of the session focused on diagnostics for microgravlty studies. Weiland reported

on the current capabilities with respect to imaging and visualization of flames. Both qualitative and

quantitative aspects were discussed. The application of intensified solid-state cameras to recent experiments

was discussed and the potential of these techniques for future drop tower and space-based studies was clearly

demonstrated. Extension of solid-state camera capabilities into the infrared region was also described.

Finally, developments in the area of compact solid-state lasers were reviewed. Griffin and Greenberg

reviewed applications of rainbow schlieren dcflectometry and thermophoretic sampling of soot particles in

separate microgravlty studies. These techniques were demonstrated to have suitable performance in
microgravity experimental facilities such as the NASA-Lewis microgravity drop towers. Both of these talks

from the NASA Lewis Research Center were clear evidence of the advances made in the past h)ur years with

respect to microgravity diagnostics. Finally, Winter described his work on droplet diagnostics and reviewed

plans to extend that work to a microgravity environment, using recently developed compact-lascr technology.

This work clearly points to the promising future for diagnostics development for microgravity studies.

The session on Diffusion Flames and Diagnostics provided a suitable overview and summary of microgravity

research in these areas. From this session chairman's viewpoint, it also identified some research needs, ln-

situ measurements of species, temperature or density under microgravity conditions would provide critically
needcd test data for model predictions of these quantities. Current experiments rely heavily on models to

provide these properties and comparative results do not presently exist against which to validate models.
Studies of finite rate chemistry effects have not yet been pursued. In fact, studies that differentiate between

soot and flame chemistry effects are absent. Presently, soot is a key diagnostic tool for the study of flame

structure. Direct measurements of combustion species such as OH or CO would yield further insights into

flame structure under microgravity conditions. All of these needs appear to be in the mix of ft,ture studies

and, with proper development of diagnostics capabilities, we can took forward to stimulating presentations on

these topics in future microgravity combustion workshops.

SUMMARY OF SESSION D - Premixed Flames

(Mitchell Smooke, session chair)

The Wednesday afternoon session on prcmixcd flames consisted of eight presentations. Most of the talks

were experimental in focus, though two were computational and thcoretical in orientation, and one was

entirely computational. The prcscnlations ranged from studies of prcmixed laminar and turbulent flames in

microgravity conditions, to combustion of particles and dust-cloud suspcnslons, to the combustion synthesis of

ceramic composites. Each of the eight talks is discussed in some detail below.

The presentation by Paul Ronncy (Princeton University) considered combustion limits in prcmixed flames in

microgravity. He examined the effects of radiation on these systems as well as the structure and stability of
these flames at low Lewis numbers. His work also considered flame propagation in cvllndrical tubes and the
simulation of combustion via autocatalvtic chemical reactions.

John Buckmastcr's (University of Illinois) presentation focused on the analylical and numerical modeling of

configurations undergoing experimental study in NASA's microgravity combustion program. The major areas

of study were flame balls, particle cloud flames and self extinguishing flames.

Research of K. Kailasanath (NRL) and G. Patnaik's (Berkeley Research Associates) investigates

computationally concerns the propagation and extinction of gas-phase flames in both microgravity and Earth
environments. They computed tlme-dependent multidimensional flames that propagated downward. They

analyzed a chemical kinetics instability issue for rich hydrogen-air flames and they studied thermodiffusive

and buoyancy interactions.
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The work by Eng, Zhu, and Law (Princeton University) combined experimental and theoretical analyses of

cylindrical and spherical premixcd and nonpremixed flames in microgravity. The premixcd work focused on

stabilization issues and the measurement of the laminar flame speed. The nonpremixed work examined

extinction and soot layer properties in the inner flame region.

Researchcrs at LBL (Kostiuk, Zhou, and Cheng) used modcrate-to-low turbulencc Reynolds number flames
(wrinkled) to characterize and quantify turbulent flame structure under microgravity. Qualitative and

quantitative flow visualization techniques were coupled with video rccording and computcr-controlled image
analysis.

The rcsearch group at McGill Univcrsity (Lce, Pcraldi, and Knystautas) is examining microgravity
combustion of dust suspensions. Thcv have carried out a number of studies aboard the KC-135 and the ESA

Caravcllc. Preliminary experimcnts have demonstrated the feasibility of obtaining a quicsccnt dust cloud for

fundamental flame propagation studies in microgravity.

A combined theoretical and numerical study of particle cloud prcmixed flames was undcrtakcn bv Scshadri at
UCSD. The work provided a description of the structure of planar laminar flames propagating a medium

containing a uniform cloud of fucl particles prcmixed with air.

The final prcscntation of the afternoon was by Moore. Feng and Hunter (Colorado Center for Advanced

Ceramics) and Wirth (Coors Ceramics Company). An cxpcrimcntal program in self-propagating high
temperature synthesis (SHS) was described in which several model compositc systems wcrc investigated.

The work has the potential of impacting catalyst support systems, filters, and ultra-light structural materials.

Due to the length and the number of talks, the session ended close to 6 P.M., so thcre was not time for a

general wrap-up discussion in which outstanding problems, issucs and concerns of thc rcscarchcrs could be
voiced. Overall, the talks wcrc well received and we look forward to the next round of rcsuhs.

SUMMARY OF SESSION F - Ignition, Smolder, and Fl'4me Spread of Condensed Phase Fuels
(Raymond Friedman, scssion chair)

The session consisted of seven presentations. The investigators were from 10 organizations. Each
presentation included some discussion or at least mention of a mathematical model of the combustion

phenomenon of interest, as well as references to cxpcrimental results. The papcrs dealt with ignition, flame
spread, and in some cases, extinction for a wide variety of condensed-phase combustibles: (1) thin paper; (2)

thermally thick polymethyl mcthacrylalc; (3) flexible polyurethane foam; (4) flammable liquids (methanol,
butanol, decant); and (5) metals (iron. steel, titanium, copper, aluminum, nickel, Moncl. tungsten). Other

variables wcrc gravitational field, lolal pressure, partial pressure of oxygen, incidcnl thermal radialion,

approach flow velocity, and sample thlckncss. In each study, the goal is to establish the physico-chcmical

mechanism by which the ignition and propagation occur, both at normal gravity and at microgravity. In no

case was it possible to draw final conclusions, but it was clear that progress is occurring in each of these

ongoing investigations.

From an experimental point of view, certain things emerged: (1) it is indeed possible to perform good

microgravity combustion experiments with condensed-phased m.'_tcrials; there are clearly observable

differences from normal-gravity combustion, (2) there would bc a great advantage in having hlghcr-resolution

non-intrusive instrumentation, and (3) much more experimental data will be needed bcforc firm conclusions
on mechanisms can be established. As for the theoretical side, the most advanced models presented were

those of Kashiwagi and Baum (ignition and spread); Tien et al. (steady spread, limits), and Sirignano et al.

(unsteady spread with circulation in both liquid and gas). All these models will require further development
(three-dimensionality, bcttcr chemical kinetic representation, inclusion of gaseous radiation, effect of

dilucnts).

Ultimately, we look forward to the convergence of the experimental and thcorct|cal work.
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SUMMARY OF SESSION G - Droplet and Spray Combustion
(Forman Williams, session chair)

This proved to be a lively session involving a considerable number of new research results, especially

concerning droplet combustion. Different studies of droplet burning focused on different fuels, including
heptane, decane, methanol, heptane-hexadecane mixtures and (in work reported orally) methanol-dodecanol

and methanol-toluene mixtures as well. The oxidizing atmospheres were mainly normal air, air diluted with

nitrogen, or air enriched with oxygen. Very broad pressure ranges, from 0.1 aim to 100 aim, were

considered in different investigations. In addition to these single-droplet studies, there were two reports of

preliminary results on burning of droplet arrays and one outlining investigations of counterflow spray
combustion.

An area of emphasis in droplet combustion concerned the burning of single-component and two-component

fuels at elevated pressures, extending beyond the critical pressures of the fuels, confirming thc increase in the

burning-rate constant with increasing pressure, up to the critical pressure. The burning-rate constant
achieves a maximum at or above the critical pressure, with the maximum occurring at higher pressures for

lower peak temperatures, as found in burning in diluted atmospheres or, in extreme cases, in vaporization

without burning. This behavior is explicable on the basis of the reduced partial pressure of the fuel in the

gas at the droplet surface under conditions of reduced partial pressure of the fucl in the gas at the droplet

surface under conditions of reduced peak temperatures and correspondingly reduced burning razes.

The question of whether three-stage combustion of two-componcnt fuels extends to supercritical pressures

could not be addressed in ground-based experiments employing fiber-supportcd droplets, because the

droplets fall off the fiber as the critical point is approached, due to the reduced surface tensions.
Microgravity investigations have now demonstrated that three-stage behavior does indeed extend to

supereritical conditions. Preliminary explanations of the new results were offered in terms of buildup of

surface layers of different composition through fuel diffusion effects.

Other results, indicated as having bcen obtained since the previous workshop, includcd the observation of the

slow regime of hcptane combustion, cncountcrcd for near-spherical burning with weak ignitions, and the

demonstration of a decreasing burning-rate constant for methanol with increasing time, as a consequence of

absorption, within the liquid fuel, of watcr produced in the flame. A number of new obscrvalions of sooting

phenomena. Droplet disruption events during combustion also wcre reported, furthcr emphasizing

relationships between sooting and disruption.

Studies directed towards flame extinction hclpcd to clarify extinction conditions in droplet burning for

methanol and fi_r alkanes. In particular, significant uncertainties in important alkane fuel chemistry were
identified, which can result in differences of two orders of magnitude in predicted hcptane droplet extinction

diameters. Experiments are being designed to measure the extinction diameters under microgravity

conditions, to help reduce the unccrtaintles in the predictions.

The two studies of droplet arrays involve two or three fiber-supported droplets, side by side, burning in

chambers in drop towers. One study is directed towards normal pressures and the other towards two-
component fuels at elevated pressures. Both are directed towards obtaining information that can be used in

describing influences of droplet interactions in spray combustion, and both are just beginning. So scientific
conclusions have not been drawn, although useful observations have been made on ways to make droplet

arrays burn symmetrically.

The investigation of counterflow sprays employed electrostatically-formed sprays and demonstrated

combustion-zone structures in the counterflow configuration and how those structures can depend on initial

droplet-size distributions. The role of microgravity in this investigation was indicated as involving possible

reaction-zone displacement through buoyancy effects and group-combustion phenomena that may occur at

higher droplet number densities.
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Mostofthedroplet-burninginvestigations have been performed employing drop-tower facilities. Drop

towers are considered to be well-suited to many droplet-combuslion studies, because the burning times often

are compatible with such facilities, and the low g-levels required are achievable therein. For conditions

under which longer burning times occur, the Hokkaido 10-second towcr is a very attractive facility, especially

since its gentler deceleration admits use of more advanced instrumentation, which often is more sensitive to

rapid deceleration. The g-lcvcls in aircraft typically arc high enough to produce some dcgradati_n in droplet-

burning results. One investigation is directed towards experiments in the Space Shultle for conditions

involving burning times too long for drop towers. In another, an ESA project, there arc plans to employ a

sounding rocket. It will be interesting to see what facilities result in the most useful droplet-combustion data.

In what directions might future new investigations best proceed? It was suggested that new emphasis might

be placed on burning in atmospheres having high or low oxygen concentrations, on burning in atmospheres

having high or low oxygen concentrations, on burning in atmospheres having inerts other than nitrogens, and

on burning more exotic fuels, such as monopropellants or liquid metals. These sccmcd to bc t_pics for
which unknowns are relatively great.

A final question concerned types of instrumentation for use in microgravity studies of dn_plct and spray

combustion. Most previous work has involved mainly motion-plcturc photography. Recent use has bccn

made of ultraviolet fihcrs to isolate ()H radiation emission, and a project directed towards development of

laser instrumentation has bccn initiated, h sccmcd to hc felt to bc highly desirable Io explore further many

new instrumentation approaches for such microgravity studies, but without discontinuing the l_hotographic

methods that to date have provided virtu_dly all of the useful experimental i,fformati¢_n obtained under

microgravity conditions for droplet combusti¢_n.
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OPEN DISCUSSION

Qucstlon (Jack Salzman, NASA Lewis Research Center): Wcrc Ihluid plaasc dynamics (e.g., internal droplet

flows) discussed? Could this bc an important area of research?

Answer: (Forman Williams, U. of California, San Diego) Yes, thcrc was disct,ssion of liquid-ph,_c dynamics,

for example in connection with Professor Dryer's presentation. I neglected to mention that i,1 mv summary.
It certainly could be an imporla,lt area of research because the roles of phenomena such as Mar:_gonl flow,

for example, in droplet and spray combustion are poorly understood.

Question (John Moore, Colorado School of Mines)

The combustion science research community now has an ideal opportunity to embrace a new and

research area of Ihe_synlhctics of advanced materials in favorable combustion lechnology.

(1) Need: more research on the potential of coupli,lg combustion synthesis and microgr:_dly It, l,roduce new

and unique advanced matcrials. The will complement and aid the Federal govcrnmcnrs ,acw research

dlreclivc in Advanced Malcrials and Processing Program (AMPI')

(2) In particular: nccd to conduct research on:

(a) Synergistic effects of the coupli,lg of combustion sy,lthcsis with microgravity anti liquid and/_r gaseous

(fluid) phase transport (i.e., dcllbcratcly generating liquids and/or gases at the combustl,m point to aid in the
synthesis kinetics and provide new and/or unique microstructure and morphologies will) improved properties

(e.g., in-situ synthesis of cornposites; whiskers; fine and ultrafinc powders; foamed (expanded) ceramics;

dense near net-shape ceramic and metal matrix composites.

(b) Modeling of the above advanced combustion sy,_thcsis processes to high synthesis parameters (E.g.,

particle size, green dc,lsity, stoichiomctry, physico-chcnaical properties of reaclants and products, ignition and
cc,mbustlon temperatures, ctc, which provide co,ltrol of the combustion synthesis and predict product

microstructurc and properties.

(c) other areas (e.g., flame synthesis of powders, including composite powders), whiskers and fil,_ rs and
Fullerencs. etc.

Answer (Brad Carpenter, NASA Headquarters): So noted, and we will ccrlainly take that into tonsideralion

when preparing the scope of the next NRA.
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4.0s 8.4s 16.3s 25.4s

Fig. 1. Four frames from 16 mm film of flame spread over ashless filter paper in

the SSCE at 50% 0 2 at 1.5 atm (top) and 1.0 atm (bottom). Times are

time from the first appearance of a flame---like image on the film.
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Fig. 6 Flame Shapes at 5cm/sec
Relative Concurrent Flow

|
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Fig. 7 Downward Spreading in 15% Oxygen, ! Atm

(a)

(b)

(c)

(d)

Fig. 8 Upward Spreading in 15% Oxygen, 1 atm (a,b), 0.5 atm (c,d)
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FIGURE l: RSD Visualization of a butanol-air flame at 23 C. Flame spreads from left to right. The t_ol depth is 1 cm.

FIGURE 2: PIV of a but;mol-air flame at 23 C. Flange spread is from right to left. Time lapse is 0.33 sec. Pool depth is 1 crn; note that

the field of vie ,r, "_ picture is different than that of Figure t.

r=0 r=20mm

'-! _, ,_!__-w_

Figure

y=0

r=0 r=20mm

._.--Flow pattern and flame structure for one flame pulsation at normal gravity. In

(d)-(f), the recirculation cell structure in front of the flame leading edge is destroyed during

the premixed burning portion of the flame. Hot gas expansion opposes the flow of fresh

oxygen to the reaction zone, and the flame moves backwards (as if it were being extin-

guished). The gas expansion rate decreases after the flame propagates through the pre-
mixed region, and, subsequently, the buoyant forces recover to provide fresh oxygen to
the reaction zone.
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Figure 1.--Plots of _uares of measured droplet diameters vs. time.
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Figure Z--Sequence of images showing flame contraction and growth for a droplet composed initially of 20% n-hexadecane

and 80% n-heptane. Times are after the ignition spark. Visible flame diameters (measured perpendicular to the fiber) for

this droplet are plotted in Fig. 3.
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Figure 3.--Plot.s of squares of droplet and flzune
diameters for a droplet composed initially of

20% n-hexadecane and 80% n-heptane.

Figure 4.--Image of a droplet (initially 60%

n-hexadecane and 40% n-heptane) showing

the support fiber and the soot "shell".
The droplet diameter is about 1.07 ram.

0.324 sec 0.333 sec 0.342 sec

Figure 5.--Sequence of images showing the flame behavior just prior to, during and after what appears to be disruption of a

droplet initially composed only of n-heptane. Times are after the ignition spark. For a scale reference, the visible
flame diameter at 0.324 sec is about 4.7 mm (measured perpendicular to the fiber).
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